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The elastic modulus of rocks is a measure of the ability of rocks to resist elastic deformation. It is related to the size of rocks and can effectively measure the internal physical and mechanical strength of rocks. The development of joint fractures is the main reason for the size effect of rocks. Therefore, exploring the influence of joint roughness on the elastic modulus of rocks of different sizes is of great significance in mining rock mechanics. The article investigates the size effect of joint roughness on elastic modulus of rocks by establishing simulation schemes for 30 working conditions. By analyzing the stress-strain curves of rocks with different roughness and sizes, the deformation and failure patterns of rocks with different sizes were obtained. Research has found that the elastic modulus of rocks is in a power function relationship with joint roughness, while the elastic modulus of rocks is negatively exponentially related to rock size; The characteristic elastic modulus of rocks is in a power function relationship with joint roughness. The above relationships not only reveal the variation of rock elastic modulus with size, but also reveal the influence of joint roughness on elastic modulus, providing important basis for understanding the stability of mining rock engineering.
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1 INTRODUCTION
The elastic modulus (E) of rocks is an important performance parameter of mining slopes. From a macro perspective, the E is a scale that measures the ability of a rock to resist elastic deformation. The larger the value, the greater the stress at which the rock undergoes elastic deformation. As is well known, rocks have size effects due to the presence of joint cracks inside, and their E also has size effects, which are also influenced by joint cracks. Therefore, exploring the relationship between rock E and joint fractures, and obtaining its mechanism of variation with size, can provide beneficial assistance for analyzing the resistance of mining slopes to external force failure.
Scholars have conducted research on the analysis of E from aspects such as specimen size, strain rate, aspect ratio, and seepage. Xie et al. (Xie et al., 2018) used a reflective photo elastic instrument to record the color stripe changes of specimen failure and obtained the law that the E in the pre peak stage of fractured rock increases with the aspect ratio of the specimen. Ping et al. (Ping et al., 2018) investigated the dynamic E of 12 sizes of limestone specimens using a split Hopkinson pressure bar and obtained a trend of first increasing and then decreasing with the increase of rock specimen length. Liu et al. (Liu et al., 2018) explored the law of E of yellow sandstone at small scales and found that it shows an increasing trend with increasing size.
Lv et al. (Long long et al., 2018) used grey correlation theory to analyze the relationship between the aspect ratio and E of soft rock and found that when the aspect ratio of the sample is less than 1.2, the impact on strength is greater than the impact on deformation modulus. Zhang (Zhang et al., 2020) found through analyzing the damage evolution characteristics of rocks that as the height to diameter ratio of rocks increases, the E also increases. Meng et al. (Meng et al., 2018) used the random generation method to analyze the macroscopic elastic parameters of rocks and found that the E exhibited a significant effect of size variation. Ren et al. (Ren et al., 2021) established an equivalent model for fractured rock masses and obtained the relationship between E and seepage parameters. Zhang et al. (Zhang and Li, 2021) investigated the macroscopic mechanical behavior of 160 sets of soil rock mixtures with different sizes and discovered the variation of deformation modulus with rock size.
The above research analyzed the relationship between rock E and specimen size, strain rate, aspect ratio, seepage, using photo elastic instruments, Hopkinson pressure bar devices, grey correlation theory, numerical simulation, and laboratory testing, and obtained corresponding laws. However, the influence of joint fissures in rocks was not considered, and there is little analysis on whether there is a certain relationship between roughness and E.
Jointing is a major cause of controlling rock deformation and failure, affecting the difficulty of rock deformation, and roughness represents the degree of joint undulation. The influence of joints on E is mainly carried out through laboratory experiments or crack network models. Fu et al. (Fu et al., 2021) studied the effect of crack surface roughness on E and found that stress concentration caused by cracks reduces the E. Tian et al. (Tian et al., 2020) analyzed the influence of different inclination angles and joint roughness coefficients (JRC) on the E. Wang et al. (Wang et al., 2018) explored the compression characteristics of discrete crack network (DFN) models and rough fractured rock roughness discrete crack network (RDFN) models based on 3D printing technology, and found that the E of rocks containing prefabricated cracks was significantly lower than that of solid rock samples. Wang et al. (Wang et al., 2017) conducted a comparative study between the RDFN model and the traditional linear DFN model based on the roughness characteristics of rocks and found that the E of the DFN model was higher than that of the RDFN model. Gu et al. (Gu et al., 2023) provided a characterization method for obtaining roughness based on contour curves. The above research analyzed the influence of roughness or joint angle on E through laboratory tests or explored the influence of different crack models on E using crack network models. However, they rarely considered the influence of size on E, rarely consider the scale characteristics of engineering rock masses, and rarely obtain the relationship between E and roughness at different scales.
Representative Element Volume (REV) is a scale concept that represents the minimum representative volume of a rock when its size tends to stabilize. In the study of REV, scholars mostly use Monte Carlo methods. Liang et al. (Liang et al., 2019) introduced generalized RVE in their research and found that the E of rocks exhibits strong anisotropic characteristics. Wu et al. (Wu et al., 2019) studied the changes in E under different confining pressures based on the Monte Carlo method and determined the REV size to be 14° m × 14° m. Xu et al. (Xu et al., 2019) established a complex three-dimensional fracture network model using MATLAB and determined a rock mass REV of 25 m. Xia et al. (Xia et al., 2019) studied the effect of the dispersion of crack distribution on the REV of rock masses. Huang et al. (Huang et al., 2020) used the Geological Strength Index (GSI) to estimate the size of rock mass REV and analyzed its differences from traditional methods.
The above research mainly studied the REV of rocks through Monte Carlo methods or obtained the REV value through the dispersion degree of crack distribution and GSI index. The research mainly focuses on the REV of rocks, and the E is a property parameter of rocks. There is relatively little research on the relationship between the E and size, and it is also rare to analyze roughness as an influencing factor of size effect. Therefore, exploring the relationship between the two is a very meaningful thing.
This article uses numerical simulations to study the influence of size and JRC on E, establishes the relationship between rock E and JRC and size.
2 NUMERICAL SIMULATION PLANS
The research contents are carried out from two aspects. The first aspect is the influence of the size of rock with rough joints on the E, including programs 1–5. The rock sizes are 200 mm, 400 mm, 600 mm, 800 mm, 1,000 mm, and 1,200 mm, respectively. The second aspect is the size effect of JRC on E, including programs 6–11, and the corresponding JRC values are 1.6, 2.6, 3.6, 4.6 and 5.6. The numerical simulation programs are show in Table 1.
TABLE 1 | The numerical simulation programs.
[image: Table 1]A total of 30 2D numerical simulation models have been established in this paper. The constraint condition used in simulations are that the two sides of the model are free surfaces without force, and the upper and lower surfaces of the model bear loads. The displacement load was applied on the model, and the loading amount is 0.01 mm. The numerical models are shown in Figure 1. The mechanical parameters used in the model are shown in Table 2 (Hu et al., 2021).
[image: Figure 1]FIGURE 1 | The numerical models. (A)loading method, (B)six size models.
TABLE 2 | The Mechanical parameters of rock.
[image: Table 2]The software used in this article is RFPA software, which is based on the finite element method during the solving process. The modified Coulomb failure criterion is used as the analysis criterion for medium deformation and failure. JRC represents the degree of undulation of the structural plane. The process of obtaining JRC is as follows: first, the contour curve of the rock structural plane on the mine slope is drawn using a contour curve instrument, and then the data extraction of the contour curve is carried out using a scanner and MATLAB software and converted into CAD curves. Then import the CAD curves into RFPA software and assign corresponding parameters, and finally conduct simulation research. In the implementation process of the numerical scheme, different JRC values are first obtained, and then models of different sizes are established in RFPA software. The JRC curves are imported into RFPA software for numerical simulation research.
3 NUMERICAL SIMULATION RESULTS
3.1 The influence of the size on E
This section analyzes the stress-strain curves and obtains the variation laws of E with rock sized and establishes a fitting method for the relationship between E and rock size, obtaining its relationship formula.
The stress-strain curve can reflect the deformation process of brittleness, plasticity, yield, and fracture of rock under external force. Therefore, first, according to the first research content, the influence of size on E was studied, and the corresponding stress-strain curve were draw, as shown in Figure 2. Then the area of elastic deformation on the curves were selected and its slope were calculated to obtain the E value, as shown in Table 3.
[image: Figure 2]FIGURE 2 | Stress-strain curves of different size rocks. (A) JRC = 1.6, (B) JRC = 2.6, (C) JRC = 3.6, (D) JRC = 4.6, (E) JRC = 5.6.
TABLE 3 | Elastic modulus.
[image: Table 3]Figure 2 shows that when the roughness changes, the stress-strain curves of the rock still follow similar patterns. Therefore, we will analyze a curve as an example. In Figure 2E, for rocks of different sizes, when the strain are less than 0.002, the stress-strain curves are in the linear elastic stage, during which the rock exhibits certain plastic characteristics; When the strain increase to 0.003, the stress-strain curves gradually change from linear to curved, and the rock is in the yield stage; When the strain are in the range of 0.003–0.004, rocks of different sizes reach the peak stress strength and enter the failure stage, after which the rock will gradually lose its bearing capacity.
Analyze the size effect on E through Figure 2A. When the rock size increases from 200 mm to 1,200 mm, the slopes of the stress-strain curve show decreasing trends, and the E decreases from 14 GPa to 2.3 GPa, with a decrease of 83.5%. This indicates that as the rock size increases, the E of the rock gradually decreases, showing a negative correlation.
The above analysis show that E is negatively correlated with rock size. To get a more intuitive analysis result, their scatter plots are drawn, and the relationship curves are regressed based on the data in Table 3, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Fitting curves of E and size.
Figure 3 reflects the relationship between rock E and size, which is negatively correlated. The larger the roughness coefficient is, the higher the curve is, indicating that the roughness also has a certain impact on the curve. The relationship of each curve is regressed, as shown in Eqs 1–5.
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By analyzing the curve types in Eqs 1–5, they are all in negative exponential form, which indicates that there may be a negative exponential relationship between the E and rock size. Therefore, the following relations are proposed:
[image: image]
In the formula: l is the rock size, unit: mm; a, b, and c are constant.
Eq. 6 contains the unknown parameters a, b and c that need to be calculated. Therefore, for a rock, the E of rock under any size can be calculated after the parameters a, b and c are solved.
Analyzing the curves form in Eqs 1–5, we can find that the values of a, b and c are related to the JRC and will change with it. Therefore, we fitted their relationship curves, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Fitting curve of parameter and JRC. A (A), B (B), C (C).
The curve in Figure 4 shows that a, b, and c are linear with the roughness and will increase with the increase of roughness. Therefore, the relationship between a, b, and c are as follows:
[image: image]
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Equations. 7–9 give the linear relationship between parameters and roughness. Therefore, we only need to bring these relationships into Eq. 6 to obtain the following special relationship:
[image: image]
Eq. 10 defines a special relationship between the E and size, which can be used to solve the E of a given rock. For a specific rock, its roughness is known, so it is only necessary to give its size, which can immediately calculate the E through this relationship. It has important engineering application value.
3.2 The size effect of JRC on E
This section establishes a fitting method for the relationship between E and JRC by studying the variation law of E with JRC and obtains their relationship formula.
The discontinuity surface controls the strength of rock. On the one hand, it has size effect, and on the other hand, it is caused by different roughness undulations on the discontinuity surface. This section mainly explores the size effect of roughness on rock E. Therefore, first, the influence of roughness on E was studied, and the corresponding stress-strain curves were draw, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Stress strain curves. (A) 200 mm, (B) 400 mm, (C) 600 mm, (D) 800 mm, (E) 1000 mm, (F) 1200 mm.
Figure 5 reflects the variation of stress-strain with roughness for different sizes. In Figure 5B, the size of the rock is 400 mm, and when the strain is within 0.002, the rock is in the linear elastic stage; When the strain exceeds 0.003, the rock gradually enters the yield failure stage. In this figure, as the roughness increases from 1.6 to 5.6, the E increases from 6.6 GPa to 11.78 GPa, with a growth rate of 78%, indicating that the E value gradually increases with the increase of roughness. When the roughness is 5.6 and the rock size increases from 200 mm to 1,200 mm, the E decreases from 22.79 GPa to 3.9 GPa, with a decrease of 83%. It indicates that when the roughness is a constant, the E decreases with the size.
The above analysis shows that E is positively correlated with the JRC, which will increase with the increase of roughness. To obtain more intuitive analysis results, their scatter plots are drawn, and the relationship curves are regressed based on the data in Table 1, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Fitting curves of E and roughness.
Figure 6 shows the relationship between E and JRC, which is positively correlated. The larger the rock size is, the lower the curve is, indicating that the size has a certain influence on the curve. To better analyze the relationship between them, the curve is regressed in Eqs. 11-16.
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Analyzing the curve types in Eqs. 11-16, they are all in power function form, which indicates that there may be a power function relationship between the E and JRC. Therefore, the following relations are proposed:
[image: image]
where d and f are constant.
Eq. 17 contains the unknown parameters d and f that need to be calculated. Therefore, for a rock, the E under any JRC can be calculated after the parameters d and f are solved.
Analyzing the curves form in Eqs°11-16 we can find that the values of d and f are related to the size and will change with it. Therefore, we fitted their relationship curves in Figure 7.
[image: Figure 7]FIGURE 7 | Fitting curve of parameter. (A) d, (B) f.
The curves in Figure 7 shows that the parameter d is a power function of rock size and decreases with the increase of it. The parameter f has a linear relationship with rock size and will decrease with the increase of it. Therefore, the relationship of d and f are as follows:
[image: image]
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Eqs. 18, 19 give the linear relationship between parameters and JRC. Therefore, we only need to bring these relationships into Eq. 17 to obtain the following special relationship between rock E and JRC:
[image: image]
Eq. 20 defines a special relationship between the E and JRC, which can be used to solve the E of a given rock. For a specific rock, its rock size is known, so it is only necessary to give its JRC, which can immediately calculate the E through this relationship.
3.3 Relationship between CEM and JRC
This section obtains the CEM by solving the characteristic size and establishes the relationship between the CEM and JRC.
As a physical and mechanical property of rocks, the E varies with rock type, composition, and JRC. For example, rocks with obvious bedding planes have a higher E perpendicular to the bedding plane than parallel planes. There is also a characteristic size for the E, and when it exceeds this size, the E value tends to stabilize.
Due to the presence of defects such as joints and fissures in rocks, the heterogeneity of the rocks results in different parameters for rocks of different sizes, but ultimately there is a characteristic size that tends to stabilize the rock properties parameters. Reference (Liang et al., 2013) provides a method for solving the characteristic size. Based on reference (Liang et al., 2013), the derivative of formula (6) in the article can obtain the characteristic size value of the rock.
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In equations, r is the absolute value of the slope when the curve approaches the horizontal, and l is the characteristic size.
According to formula (23), we calculate the characteristic size values for each roughness, as shown in Table 4. When the roughness increases from 1.6 to 5.6, the corresponding characteristic size values are 205.03 mm, 215.28 mm, 240.51 mm, 262.57 mm, and 293.83 mm, respectively. The characteristic size shows a significant increasing trend with the increase of roughness value.
TABLE 4 | Relationship between characteristic size, CEM and JRC.
[image: Table 4]At the same time, we also solved the E of the rock under the characteristic size, which we call the characteristic elastic modulus (CEM), which is also listed in Table 4. As the roughness increases, the CEM of the rock increases from 13.66 GPa to 16.4 GPa, indicating a significant increasing trend with the increase of roughness value. To better reflect this change, the content in Table 4 were plotted as shown in Figure 8.
[image: Figure 8]FIGURE 8 | Fitting curve. (A) Characteristic size and JRC, (B) CEM and JRC.
Figure 8A shows that there is a clear linear relationship between the CEM and roughness, and the linear correlation is very well. The relationship between them is shown below.
[image: image]
Figure 8B shows that the CEM and roughness of rocks exhibit a clear power function relationship, and the relationship between them is shown below.
[image: image]
3.4 Analysis of the fluctuation coefficient of the E
This section explores the relationship between the fluctuation coefficient and JRC by solving the fluctuation coefficient of elastic modulus and analyzes the size effect of the fluctuation coefficient.
The fluctuation coefficient of rocks reflects the changes in the internal structure and physical properties of rocks. Reference (Wu, 2020) provides a calculation formula for the fluctuation coefficient of rock E.
[image: image]
In the formula, Ei is the fluctuation coefficient of the E; El is the E value when the model size is l, unit: GPa; [image: image] is the average value of E, unit: GPa.
The fluctuation coefficient of the E was calculated in Table 5. The variation pattern of the fluctuation coefficient with size and JRC were draw in Figure 15.
TABLE 5 | Fluctuation coefficient of E.
[image: Table 5]As shown in Figure 9A, the fluctuation coefficient of E changes with size variation. When the size of the rock increases from 200 mm to 1,000 mm, the fluctuation coefficient decreases from 2.4653, 2.2189, 2.4590, 2.3753, and 2.3456 to 0.2609, 0.1, 0.1115, 0.1032, and 0.1846. Therefore, we can conclude that as the size of the sample increases, the fluctuation coefficient decreases continuously, with a decrease of more than 200%; And when the size reaches 1,000 mm, the fluctuation coefficient is less than 0.3, indicating that the stability of the E value is high after reaching this size. As shown in Figure 9B, we can be seen that as JRC increases, the fluctuation coefficient does not change much. Therefore, the influence of JRC on the fluctuation coefficient is smaller than that of size.
[image: Figure 9]FIGURE 9 | Variation law of fluctuation coefficient. (A) Size, (B) JRC.
3.5 Verification analysis
Formula (17) provides a relationship between rock E and JRC, but the accuracy still needs to be verified. Reference (Chen, 2022) studied the UCS of rock samples with different roughness. In this validation analysis, Figure 22 (a) on page 41 of reference (Chen, 2022) was cited, which shows the stress-strain curves with roughness of 0, 5, 10, 15, and 20, as shown in Figure 10A. According to this curve, the E values were calculated to be 3.49 GPa, 3.5 GPa, 3.54 GPa, 3.55 GPa, and 3.57 GPa, respectively, and the relationship curve between E and roughness was draw in Figure 10B.
[image: Figure 10]FIGURE 10 | Verification diagram (A) Stress-strain curves, (B) Fitting curves of E and JRC, (C) E with different sizes.
The fitting coefficient R2 of the curve in Figure 10B is 0.9554, indicating a very good degree of fitting. The relationship between E and JRC can be regressed from Figure 10B, as shown in formula (27):
[image: image]
Eq. 27 is in the form of a power function, and the function type is consistent with Equation 17. Whether through numerical simulation or laboratory tests, the regression curves of E and roughness are consistent in power function form, which verifies the reliability of the relationship obtained in this paper.
The following content is used to verify the accuracy of Equation 6. Wang (Wang, 2016) (Page 33–48) used numerical simulations to investigate the effect of joint friction on the strength of rock masses with different rock mass sizes (2 m, 4 m, 6 m, 8 m, and 10 m) and roughness (R1, R2, and R3), and obtained the elastic modulus values, as shown in Figure 10C.
According to Figure 10C, we have solved the fitting curves for R1, R2, and R3, where the fitting coefficients R2 are 0.984, 0.973, and 0.985, respectively. The formula is as follows:
[image: image]
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From formulas (28-30), their function types are consistent with formula (6), which verifies the accuracy of formula (6).
4 DISCUSSION
There is a relationship between the E of rocks and their size, and previous studies have mostly provided a qualitative relationship between the E and size. For example, Ping et al. (Ping et al., 2018), Liu et al. (Liu et al., 2018), and Zhang (Zhang et al., 2020) found that E increases with the increase of size but did not provide a quantitative relationship between them. This article found a negative exponential relationship between the E and size through research and provided a special form of quantitative solution for the relationship. The acquisition of this relationship quantifies the solution of E, which is of great significance for the solution of E in engineering sites.
There is also a relationship between the E and JRC. Previous studies have mainly focused on the influence of roughness on the E, such as in references (Fu et al., 2021; Tian et al., 2020), with little consideration given to the influence of size effects. Considering size effects, this article establishes the relationship between rock E and JRC and provides a quantitative solution method for them. At the same time, we also verified the applicability of this formula by referring to literature data.
5 CONCLUSION
The article conducted research on the E of rocks containing rough joints and analyzed the influence of size, and obtained the following conclusions:
(1) The relationship between the E and size of rocks containing rough joints is
[image: image]
through the analysis and solution of parameters a, b, and c, we have obtained their specific formulas as follows:
[image: image]
(2) The relationship between the E and JRC is
[image: image]
By analyzing and solving the parameters d and f, we have obtained their specific formulas as follows:
[image: image]
(3) The characteristic size of E is related to JRC, and our analysis obtained the following relationship:
[image: image]
(4) The CEM and JRC exhibit a power function relationship, and our analysis obtained the following:
[image: image]
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