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The number of joints existing in the rock affects the elastic modulus of the rock, and the relationship has not been obtained. In this paper, 10 numerical models are established by numerical simulations to study the effect of the number of parallel joints on the size effect of rock elastic modulus. The research shows that there is a power function relationship between the elastic modulus and the number of parallel joints, and a negative exponential relationship between the elastic modulus and the rock size, and their special mathematical models are given. The paper also obtains special form of the relationships between the characteristic size of rock elastic modulus, the characteristic elastic modulus and the number of parallel joints.
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1 INTRODUCTION
Parallel-joints (PJs) are widespread in rock masses and influence the strength and deformation characteristics of rocks. The elastic modulus of rock reflects the deformability of the rock (Yang et al., 2016). The elastic modulus has size effect. Therefore, studying the influence of PJs on rock deformation capacity and size effect is of great important for rock engineering design (Wu et al., 2020).
Elastic modulus is an important mechanical parameter of rock. Scholars have studied the influence of different joint parameters on the elastic modulus. For example, Chen et al. (2019) studied the influence of confining pressure on the elastic modulus of coal by conducting triaxial compression tests on coal. Liu et al. (2021) studied the influence of joint angle on rock elastic modulus by uniaxial compression test too and obtained that the elastic modulus gradually increases with the increase of joint angle. Yu et al. (2020) conducted a uniaxial compression test on siltstone samples and found that the elastic modulus is positively correlated with the crack inclination angle. Scholars have studied the influence of two or more joint parameters on the elastic modulus. For example, Liu et al. (2020) conducted uniaxial compression tests on five types of rough jointed rocks, and studied the influence of joint angle and joint length on the elastic modulus. Wang et al. (2020a) used triaxial compression test to analyze the influence of joint angle and confining pressure on the elastic modulus of rock mass. It is obtained that the elastic modulus changes in a “U” shape with the increase of the joint angle. Lin et al. (2020) studied the affect of joint angle and spacing on elastic modulus. Huang et al. (2019) used a combination of uniaxial compression test and DEM to study the influence of joint angle, joint spacing, joint length, and rock bridge length on the elastic modulus. The joint angle has the greatest impact.
As a key parameter of jointed rock, the number of parallel-joints (NPJs) also has influence on elastic modulus (Wu et al., 2022). For example, Wang et al. (2019) found that the elastic modulus decreases as NPJs increases by studied the influence of NPJs on elastic modulus. Zhao et al. (2020) used DEM to study the influence of joint density on the elastic modulus. Peng et al. (2019), Zhang et al. (2017) used Particle Flow Code (PFC) to study the influence of joint density on the elastic modulus, and found that the elastic modulus decreases with the increase of joint density. Wang et al. (2017) studied the change of elastic modulus under the combination of joint density and angle, and obtained that the elastic modulus changes in a “V” shape with the increase of joint density. Shu et al. (2019) studied the influence of joint inclination, spacing, intersection angle, and density on the elastic modulus of rock mass based on DEM. Among them, the joint density has the greatest influence on the elastic modulus. The joint parameters involved in the above studies are joint angle, length, spacing, and numbers, etc., but rarely involve the influence of size changes on the elastic modulus.
Elastic modulus reflects the deformation characteristics of the rock (Yang et al., 2021), and the elastic modulus has a size effect. For example, Liu et al. (2019a), Han et al. (2019) used PFC to study the influence of rock-size on the elastic modulus and found that the elastic modulus has size effect. Zhang et al. (2020) studied the influence of different height-diameter ratios on the mechanical properties of rocks by using PFC2D, and found that the elastic modulus increases with the increase of the height-diameter ratio. Scholars have studied the size effect of rock elastic modulus by establishing different material models. Wang et al. (2020b) used Synthetic Rock Mass to study the influence of specimen size on the elastic modulus of jointed rock mass, and found that the elastic modulus of rock mass has size effect. Liu et al. (2019b) established a coal-rock assembly with different height-ratios by using PFC, and obtained that the elastic modulus increased with the increase of height-ratios. The above studies on the size effect of rock elastic modulus mostly use numerical simulation. In recent years, with the innovation of numerical methods, the use of numerical simulation to study the mechanical properties of jointed rocks has become a popular trend. There are many types of numerical simulation software, among which a new numerical code–Realistic Failure Process Analysis (RFPA) developed by Tang (1997). RFPA has a good effect in simulating the strength and deformation of rock materials in geomechanically problems. Sun et al. (2019) obtained a positive correlation between elastic modulus and gravel size using RFPA. size effect of rock elastic modulus is obtained to solve engineering problems by finding the functional expression of rock elastic modulus and rock-size. For example, Zhang et al. (2019) established different mineral size models by using the DEM, and obtained a fourth-order polynomial relationship between the rock elastic modulus and the model radius. Dai et al. (2020) found that the relationship between the elastic modulus and the slenderness ratio accords with a logarithmic function using uniaxial compression tests. Ma et al. (2021) used PFC to simulate the uniaxial compression of coal and rock composite samples with different height-ratios, and obtained that the elastic modulus has an exponential relationship with the height-ratios of coal-rock. The above studies have obtained the functional formula of rock elastic modulus and rock-size from a quantitative perspective. The size effect of elastic modulus is obtained more accurately. But studies seldom involved the influence of NPJs on the elastic modulus.
The elastic modulus changes with the size of the jointed rock, and eventually tends to a stable value, which is defined as representative elementary volume (REV) (Bear, 1972). Scholars have studied the characteristic-size of rocks. Ying et al. (2018) found a calculation method of rock mass REV. Peng et al. (2020) used PFC to conduct numerical experiments on multi-scale rocks and analyzed the scale effect of rocks and found that the REV is 16 m × 16 m × 16 m. Scholars have studied the characteristic-size of elastic modulus (CSEM). Loyola et al. (2021) evaluated the REV of the elastic modulus of fractured rocks. Liang et al. (2019) obtained the CSEM of the jointed rock mass to be 14 m × 14 m. With the deepening of research, scholars have studied the characteristic elastic modulus (CEM) of rock based on the CSEM. For example, Cui et al. (2020) took the schist of the Danba Hydropower Project as an example, and the elastic modulus at the REV scale was about 6.8 GPa. Although scholars have done a lot of research on the CSEM and CEM, they rarely study the relationship between the CSEM and PJs from a quantitative perspective. Mathematical models of CSEM and NPJs are rerely established by scholars.
This paper sets up 10 simulation programs by using numerical simulations and RFPA. The influence of NPJs and rock-size on the elastic modulus is studied. The stress-strain curves of different NPJs and sizes of rock are analyzed. A mathematical model of the elastic modulus and NPJs and a mathematical model of the elastic modulus and rock-size are established. A mathematical model of the CSEM and NPJs and a mathematical model of rock CEM and NPJs are established.
2 ESTABLISHMENT OF NUMERICAL MODEL
2.1 Simulation Program and Model Establishment
This numerical simulation contained two parts (ⅰ) The influence of the NPJs on elastic modulus, including Program 6 to Program 10 (ⅱ) The influence of rock size with PJs on elastic modulus, including Program 1 to Program 5. The numerical simulation programs are given in Table 1.
TABLE 1 | Number of parallel-joints and rock-size combination.
[image: Table 1]The angle of parallel joints in rocks may be arbitrary, therefore, this paper sets up a set of verification program to verify the accuracy of the research content. The number of parallel joints in this verification program is 2, and the angle of parallel joints is 45°.
2.2 Boundary Conditions and Rock Joint Parameters
2.2.1 Boundary Conditions and Loading Methods
The software used in this study is RFPA, which is a numerical calculation method for simulating inhomogeneous materials developed based on finite-element theory and statistical damage theory (Hu and Ma, 2021).
This study adopted uniaxial compression deformation theory and the plane stress model (Hu and Ma, 2021). The constraint conditions were that the load was not borne by the two sides of the model but by its upper surfaces, the displacement loading method was adopted for numerical simulation, the displacement loading on both sides of the model was zero, and that on its upper and lower surfaces was 0.01 mm (Hu and Ma, 2021).
2.2.2 Rock Mechanical Parameters and Joint Parameters
The rock mechanics parameters used in the article are selected from literature (Hu and Ma, 2021). The elastic modulus of the joint used in the numerical simulation was 1.1 MPa, Poisson’s ratio was 0.3, compressive strength was 1.5 MPa, friction angle was 30°, and JRC value was 2.
2.3 Research on the Influence of the Number of Parallel-Joints on the Rock Elastic Modulus
According to the numerical simulation program and results of research content (ⅰ): the influence of the NPJs on elastic modulus, the stress–strain variation law of rock with different NPJs was analyzed. A fitting method for the relationship between the elastic modulus and NPJs was proposed. A mathematical model of elastic modulus and NPJs was established.
2.3.1 Analysis of Rock Stress–Strain Curve With Different Numbers of Parallel-Joints
The stress-strain curve rules in program 1 to 5 were output in Figure 1. And according to Figure 1, the elastic modulus under each working condition was solved in Table 2.
[image: Figure 1]FIGURE 1 | Stress–strain curves with different numbers of parallel-joint. (A) l = 100 mm, (B) l = 200 mm, (C) l = 400 mm, (D) l = 600 mm, (E) l = 800 mm.
TABLE 2 | Elastic modulus of rock with different numbers of parallel-joints.
[image: Table 2]Figure 1 shows that the laws of stress-strain curves are similar when NPJs is different. All obey the following laws: with the increase of strain, the stress gradually increases, and the rock changes from elastic deformation to plastic failure.
Taking Figure 1A as an example to analyze the effect of NPJs on the elastic modulus. With the increase of NPJs, the elastic modulus gradually decreased from 2.745 to 0.591 GPa. It shows that the elastic modulus is affected by the NPJs. Similarly, the same law can still be obtained when the rock size is increased.
Taking program 6 in Table 2 as an example to analyze the effect of rock size on elastic modulus. With the increase of rock size, the elastic modulus gradually decreased from 2.745 to 0.337 Gpa. This phenomenon shows that elastic modulus is affected by rock size. From program 7 to Program 10 also obey the same law, indicating that the elastic modulus of the rock with NPJs has a size effect.
In short, the elastic modulus of the rock with joints decreases with the increase of NPJs, and decreases with the increase of the size of the rock.
2.3.2 Fitting Method for Relationship Between Rock Elastic Modulus and the Number of Parallel-Joints
The stress-strain curve of rock under different NPJs is a macroscopic manifestation of the rock failure process, which can reflect the changing trend of the rock at various stages. However, the relationship between NPJs and the elastic modulus cannot be analyzed quantitatively. Therefore, From the stress-strain curve, it becomes particularly important to obtain the relationship between the elastic modulus and NPJs.
According to the data in Table 2, the fitting curve of the elastic modulus of rocks with different NPJs was drawn, as shown in Figure 2.
[image: Figure 2]FIGURE 2 | Fitting curves of rock elastic modulus with different number of parallel-joint.
Figure 2 shows that when the rock size is the same, as NPJs increases, the elastic modulus gradually decreases. Rocks of different sizes have the same changing law. However, under the same NPJs, the elastic modulus decreases with the increase of the rock-size, and the curve shows a downward movement trend. It shows that the elastic modulus with joints is negatively correlated with the NPJs and the rock-size.
The relationship between the elastic modulus of different sizes of rocks and NPJs in Figure 2 is regressed in Eqs 1–5. Among them, Eqs 1–5 are the regression functions for rock sizes of 100, 200, 300, 400, and 500 mm, respectively, and the fitting coefficients are 0.998, 0.997, 0.993, 0.963, and 0.991.
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Analyzing the fitting formula, the elastic modulus fits well with the NPJs. It can provide a method for quantitative analysis of NPJs and the elastic modulus for engineering practice.
2.3.3 Relationship Between Rock Elastic Modulus and Number of Parallel-Joints
According to the fitting formula, the mathematical model for elastic modulus and NPJs is proposed as:
[image: image]
where E(n) [GPa] is the elastic modulus when the NPJs is n, n is the NPJs, and a, b are parameters.
According to the formula, the values of parameters a and b are found in Table 3. The fitting curves of parameters a and b and rock size are drawn, as shown in Figure 3.
TABLE 3 | Value of parameters a and b of different rock-size.
[image: Table 3][image: Figure 3]FIGURE 3 | Fitting curve diagram of parameter. (A) parameter a, (B) parameter b.
From Figure 3, the following formulas for the relationship between a and b and rock size can be obtained.
[image: image]
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From Eqs 6–8, a special relational formula for elastic modulus can be obtained as:
[image: image]
where E(n) [GPa] is the elastic modulus when the NPJs is n, n is the NPJs, and l [mm] is the rock-size.
Eq 9 is a special formula about the elastic modulus and NPJs, which can quantitatively analyze the elastic modulus of rock.
2.4 Research on the Influence of Rock-Size on Rock Elastic Modulus
According to the numerical simulation program and results of research content (ⅱ) the influence of rock size with PJs on elastic modulus, the stress–strain variation law of rock under different rock-size was analyzed. A fitting method for the relationship between the elastic modulus and rock-size was proposed. The mathematical model between elastic modulus and rock-size was established.
2.4.1 Analysis of Rock Stress–Strain Curve With Different Rock-Sizes
The stress-strain curve rules in program 6 to 10 were output in Figure 4. And according to Figure 4, the elastic modulus under each working condition was solved in Table 1.
[image: Figure 4]FIGURE 4 | Stress–strain curves of different rock-sizes. (A) n = 2, (B) n = 4, (C) n = 6, (D) n = 8, (E) n = 10.
Figure 4 shows that the laws of stress-strain curves are similar when the rock size is different. All obey the following laws: with the increase of strain, the stress gradually increases, and the rock changes from elastic deformation to plastic failure. The destruction of rocks is a gradual process. Firstly, compaction occurs inside the rock under the action of external load. Secondly, the rock strength reaches its peak and fluctuates around the peak strength. Finally, the rock reaches macroscopic destruction.
Taking Figure 4A as an example to analyze the effect of rock size on elastic modulus. With the increase of rock size, the elastic modulus gradually decreased from 2.745 to 0.337 GPa. It shows that the elastic modulus is affected by rock size. Similarly, the same law can still be obtained when the NPJs is increased.
Taking program 1 in Table 1 as an example to analyze the effect of NPJs on elastic modulus. With the increase of NPJs, the elastic modulus gradually decreased from 2.745 to 0.591 Gpa. This phenomenon shows that elastic modulus is affected by NPJs. From program 2 to 5 also have the same law, indicating that the NPJs has an important influence on the elastic modulus.
In short, the elastic modulus with joints decreases with the increase of NPJs, and decreases with the increase of the size of the rock.
2.4.2 Fitting Method for Relationship Between Rock Elastic Modulus and Rock-Size
According to the data in Table 1, the fitting curve of the elastic modulus of rocks with different rock sizes was drawn, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fitting curve of elastic modulus of rock under different rock-size.
Figure 5 shows that when NPJs is the same, as the rock size increases, the elastic modulus gradually decreases. Rocks with different NPJs have the same variation law. The variation law of elastic modulus with different sizes is the same. However, with different NPJs, the elastic modulus decreases at different rates. It shows that the elastic modulus is not only related to the size of the rock, but also related to the NPJs. That is to say, the elastic modulus with different NPJs has size effect.
Numerical simulation was performed on rocks with NPJs of 4, 6, 8, and 10, respectively under the same conditions, and the fitting relationships between the elastic modulus and the rock-size were obtained as follows. Among them, Eqs 10–14 are the regression functions for NPJs of 2, 4, 6, 8, and 10, respectively, and the fitting coefficients are 0.995, 0.991, 0.996, 0.996, and 0.996.
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Analyzing the fitting formula, the relationships between the elastic modulus and the rock-size fit well, showing a negative exponential function relationship. It can provide a way to quantitative analyze the elastic modulus and rock-size for engineering practice.
2.4.3 Relationship Between Elastic Modulus of Rock and Parallel-Jointed Rock-Size
According to the fitting formula, the fitting curve of the elastic modulus versus different sizes is proposed:
[image: image]
where E(l) [GPa] is the elastic modulus when the rock-size is l, l [mm] is the rock size, and d, f, and g are undetermined parameters.
According to the formula, the values of parameters d, f and g are found in Table 4. The fitting curves of parameters d, f and g and rock size are drawn, as shown in Figure 6.
TABLE 4 | Values of parameters d, f, and g of different number of parallel-joints.
[image: Table 4][image: Figure 6]FIGURE 6 | Fitting curve diagram of parameter. (A) parameter d, (B) parameter f, (C) parameter g.
From Figure 6, the following formulas for the relationship between d, f, and g and NPJs can be obtained.
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From Eqs 15–18, a special relational formula for elastic modulus can be obtained as:
[image: image]
where E(l) [GPa] is the elastic modulus when the rock-size is l, n is the NPJs, and l [mm] is the rock-size.
Eq 19 is a special formula about the elastic modulus and rock size, which can quantitatively analyze the elastic modulus.
2.5 Established Relationship of Characteristic-Size of Elastic Modulus, Characteristic Elastic Modulus and Number of Parallel-Joints
Usually, the characteristic-size is used to quantitatively analyze the size effect of rock. The elastic modulus has size effect. Therefore, the size effect of the elastic modulus can be characterized by the CSEM. It is of great meaningful to analyze the influence of NPJs on the CSEM.
2.5.1 Derived Formula of Characteristic-Size of Elastic Modulus
The size effect of the elastic modulus can be characterized by the CSEM. The quantitative calculation of characteristic-size is given a minute description in the literature (Ling et al., 2013). The formula to solve the characteristic-size is as follows:
[image: image]
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where k and γ are the slope value, f and g are undetermined parameters.
2.5.2 Relationship Between Characteristic-Size of Elastic Modulus and Number of Parallel-Joints
When the NPJs was 2, 4, 6, 8, and 10, the CSEM were calculated as summarized in Table 5. According to the data in Table 5, the fitting curve of the CSEM and NPJs is regressed, as shown in Figure 7A.
TABLE 5 | Relationship between characteristic-size of elastic modulus and number of parallel-joints.
[image: Table 5][image: Figure 7]FIGURE 7 | Fitting curve. (A) characteristic-size of elastic modulus, (B) characteristic elastic modulus.
The slope of the curve in Figure 7A is negative, indicating that the CSEM gradually decreases with the increase of NPJs. They are linearly related, and the function type conforms to a linear functional relationship. Therefore, the following special relation is obtained:
[image: image]
where L(n) [mm] is the CSEM, n is the NPJs.
Eq 23 can be used to describe the mathematical relationship between the CSEM and NPJs, and can be extended to similar rocks with parallel joints.
2.5.3 Relationship Between the Characteristic-Elastic-Modulus of Rock and the Number of Parallel-Joints
Substituting the value of the CSEM into Eq 15, the CEM of the rock when the NPJs was 2,4, 6, 8, 10 was obtained in Table 5. According to the data in Table 5, the fitting curve of the CEM and NPJs is regressed, as shown in Figure 7B.
Figure 7B shows that with the increase of NPJs, the CEM gradually decreases. They are in a power function relationship. Therefore, the following special relation is obtained:
[image: image]
where Ew(n) [GPa] is the CEM of rock, n is the NPJs.
Eq 24 can be used to describe the mathematical relationship between the CEM and NPJs, and the fitting coefficient R2 = 0.983. It can be extended to similar rocks with parallel joints.
2.6 Verification Analysis of Research Content (ⅱ)
To verify the correctness and general applicability of Eq 15 obtained in research content (ⅱ), a new set of numerical simulations with two parallel joints with an angle of 45° was added for verification. According to the numerical simulations, the stress-strain curves of different rock sizes were drawn, as shown in Figure 8.
[image: Figure 8]FIGURE 8 | The stress-strain curve of different rock sizes.
According to the slope of the stress-strain curves in Figure 8, the elastic modulus of rocks with different sizes are calculated in Table 6. The functional relationship between elastic modulus and rock size was found from the data in Table 6, and their fitting curves were drawn, as shown in Figure 9.
TABLE 6 | Elastic modulus of different rock sizes at joint angles of 45°.
[image: Table 6][image: Figure 9]FIGURE 9 | Fitting curve of elastic modulus with different rock sizes.
Figure 9 shows the relationship between elastic modulus and rock size when the parallel joint angle is 45°:
[image: image]
Both the function type of Eq. 25 and the mathematical model proposed in Eq 15 conform to the negative exponential function relationship. Therefore, it is proved that Eq 15 is still applicable when the angle of the parallel joint changes. The verification shows that the mathematical model proposed in Eq 15 is suitable to the elastic modulus of rocks with parallel joints of arbitrary angles.
3 DISCUSSION
The NPJs has an influence on the size effect of elastic modulus, but the relationship is yet to be obtained. This study established the following four relationships: 1) elastic modulus and NPJs; 2) elastic modulus and rock size; 3) CSEM and NPJs; 4) CEM and NPJs.
3.1 Relationship Between Elastic Modulus and NPJs
The establishment of this relationship is to first establish the general formula of the relationship between elastic modulus and NPJs by analyzing the influence of the change of the NPJs on elastic modulus. Then combined with the change of rock size, the solution method of the parameters in the general formula is given, and the specific relational formula is obtained. In the existing research, few scholars have discussed the effect of NPJs on elastic modulus, and rarely considered the effect of the change of rock size on the elastic modulus with PJs.
3.2 Relationship Between Elastic Modulus and Rock Size
The establishment of this relationship is to first establish the general formula of the relationship between elastic modulus and rock size by analyzing the influence of the change of the rock size on elastic modulus. Then combined with the change of NPJs, the solution method of the parameters in the general formula is given, and the specific relational formula is obtained. In the existing research, few scholars have discussed the size effect of rock with PJs on elastic modulus, and rarely considered the influence of the change of NPJs on the size effect of elastic modulus.
3.3 Relationship Between CSEM, CEM and NPJs
The establishment of these two relationships is based on the relationship (1). In the existing research, scholars rarely have carried out the research on the relationship between the CSEM, CEM and NPJs.
The establishment of these four relationships in this study reveals the law of size effect of rocks with NPJs, which has important engineering application value.
4 CONCLUSION
In this paper, numerical simulation is used to study the size effect of NPJs on elastic modulus, and the following conclusions are obtained:
1) The relationship between the elastic modulus and NPJs conforms to a linear function relationship, and the general formula of their relationship is as follows:
[image: image]
Further, we find that the parameters a and b are affected by the size of the rock. Through regression analysis, we obtain a special relationship:
[image: image]
2) The relationship between the elastic modulus and rock size conforms to a negative exponential relationship, and the general formula of their relationship is as follows:
[image: image]
Further, we find that the parameters d, f, and g are affected by the NPJs. Through regression analysis, we obtain a special relationship:
[image: image]
3) We find that the CSEM is linearly related to the NPJs, and our simulation gives the following special form:
[image: image]
4) We find that the relationship between the CEM and NPJs is linear, and our simulation gives the following special form:
[image: image]
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