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Introduction
During the excavation of deep underground engineering, stress redistribution in rock mass often leads to obvious stress-deformation failure characteristics. It is important to study the stress-strain characteristics of rock for the safety construction and protection of underground engineering.
Methods
Based on rock basic density test, rock and mineral microscopic test and triaxial compression test, brittle deformation failure mechanical characteristics of a deep mylonite under high in-situ stress state are obtained. A rock damage constitutive model is established and compared with triaxial test results. Finally, the physical significance of model parameter (a) and parameter (r) is analyzed.
Results
Mylonite exhibits obvious brittle mechanical characteristics under high stress state, and the established rock damage constitutive model can well describe this brittle deformation characteristic. The damage degree increases from 0 to 1 gradually, and the damage rate increases first and then decreases.
Discussion
The effects of parameters a and r on the constitutive model and damage degree are discussed. Parameter A mainly affects the peak strength of the model, the brittleness of the rock, and the extreme point strain that affects the degree of damage. Parameter r mainly affects the peak strength of the model, and the extreme point damage degree is affected. In addition, the concept of brittleness index is introduced and its engineering applications are explored.
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1 INTRODUCTION
Deep-seated engineering endeavors, including deep mineral resource extraction (Du et al., 2024; Sharma and Gales, 2025; Lindi et al., 2024) and deep underground space construction (Ran et al., 2024; Ma et al., 2024), have been advancing rapidly in recent years. In these projects, rocks in deep formations are subjected to high geo-stress states, which exert a significant influence on their mechanical behaviors (Yang et al., 2025; Li et al., 2025; Zhou et al., 2023). Mylonite (Eliwa et al., 2021; Chen et al., 2020), a rock formed via intense tectonic movements and typical ductile-shear deformation, displays intricate mechanical responses when situated in deep high stress environments. Investigating the brittle mechanical behavior and establishing a damage constitutive model for deep mylonite under high geo-stress is of great importance for guaranteeing the safety and efficiency of deep engineering.
The mechanical behavior of deep rocks under high geo-stress has garnered extensive attention from researchers. Under conditions of high confining pressure and high axial stress, the transition between the brittle and ductile behaviors of rocks becomes more complex (Liu et al., 2023; Wang et al., 2023; Göğüş et al., 2024). Mylonite, with its special microstructure featuring foliation (Giese et al., 2017) and mineral alignment due to shear deformation (Yemdji et al., 2023), has mechanical properties that differ markedly from those of intact rocks. Previous studies on shallow mylonite have indicated that it possesses relatively low strength and obvious ductile deformation characteristics (Lutz and Axen, 2017; Cheng et al., 2023). However, in deep high-stress circumstances, the mechanical behavior of mylonite may shift towards brittleness. For instance, experiments on other shear-deformed rocks under high stress have shown that the tendency for brittle failure increases to a certain extent as the confining pressure rises (Chen et al., 2018).
In addition, the damage evolution of rocks under loading is a key factor that determines their mechanical behavior. Damage in rocks typically involves the initiation, propagation, and coalescence of microcracks (Li et al., 2025; Dang et al., 2025; Liu et al., 2021). For deep mylonite, the original microstructure such as grain size (Mishra et al., 2022), mineral composition distribution (Hanfi et al., 2025), and pre-existing microcracks (Sigue et al., 2023) along the foliation offers favorable conditions for damage development under high geo-stress. Gaining an understanding of the damage mechanism is essential for establishing an accurate constitutive model. Existing damage constitutive models for rocks can be roughly categorized into statistical damage models (Liu et al., 2021), fracture mechanics-based models (Mirzaei et al., 2025), and continuum damage mechanics models (Ju, 2019). Nevertheless, most of these models are established for intact rocks or rocks with simple damage mechanisms, and there is a lack of models specifically targeting deep mylonite with complex shear-deformed structures under high geo-stress.
So that, the application of constitutive models in engineering practice depends on their capability to accurately describe the stress-strain relationship and damage process of rocks. In deep engineering, the prediction of rock deformation and failure is crucial for supporting design and stability analysis. A suitable damage constitutive model for deep mylonite can assist engineers in better assessing the mechanical response of surrounding rocks, optimizing excavation schemes, and preventing geological hazards (Jin and Yuan, 2024). Although some studies have attempted to modify existing constitutive models for specific rock types under high stress (Chalajour and Hataf, 2024; Chen et al., 2023; Du et al., 2024; Feng et al., 2024), few have concentrated on deep mylonite, and the brittle mechanical behavior under high geo-stress has not been fully clarified.
In summary, this study intends to explore the brittle mechanical behavior of deep mylonite under high geo-stress through laboratory experiments, analyze the damage evolution process, and establish a damage constitutive model that can accurately depict its mechanical response. The research findings will enhance the understanding of deep rock mechanics and provide theoretical support for deep engineering practice.
2 MATERIALS
2.1 Rock specimens and mineral identification
Mylonite is taken from a deep tunnel borehole SKTS07, the maximum principal stress is as high as 300 MPa, the minimum principal stress is as high as 25 MPa, core samples are taken at the depth of 101 m, 153 m, 234 m and 312 m, sealed and numbered, the sample numbers are respectively recorded as S7-7, S7-20, S7-38 and S7-48, the surrounding stress state is mylonite, according to the rock mechanics test standard, the rock samples are made into cylinders, the diameter is about 50 mm, The height is approximately 100 mm as shown in Figure 1. Before the experiment, the basic physical properties of cylindrical samples were tested, including sample density, rock and mineral identification, etc. After testing, the average density of S7-7, S7-20, S7-38 and S7-48 is 2.76 g/cm3, 2.87 g/cm3, 2.88 g/cm3 and 2.91 g/cm3 respectively. The rock and mineral identification results are shown in Figure 1.
[image: Concrete cylinders are shown with dimensions labeled as diameter 50 mm and height 100 mm. Group (a) displays four cylinders, group (b) has five, group (c) shows five, and group (d) presents four. Each cylinder has markings in different colors.]FIGURE 1 | Rock standard samples. (a) Number S7-7; (b) Number S7-20; (c) Number S7-38; (d) Number S7-48.It can be seen from Figure 2 that the rock is mainly composed of porphyry and matrix. The porphyry minerals are potash feldspar and plagioclase, and the matrix is muscovite, biotite, quartz and feldspar. Some of the biotite is altered into chlorite, and there is no quartz in the porphyry. All of them are refined and recrystallized. The edges of the feldspar porphyry are broken and refined into matrix, and some of them are altered into clay minerals. In addition, it contains a small amount of opaque minerals and calcite filled cracks. The rock contains hard quartz and dark porphyritic minerals, which make the mylonite stronger. From the mechanical point of view, it can be classified as hard rock. Therefore, mylonite may exhibit obvious brittle deformation characteristics under high stress state.
[image: Microscopic images of rock samples showing different minerals:(a) and (b) highlight biotite, matrix, and feldspar with yellow outlines and labels.(c) identifies quartz, mica, and amphibole with magenta outlines and labels.(d) focuses on amphibole with magenta outlines and labels. Scale bars indicate 500 micrometers.]FIGURE 2 | 500 um Microscopic identification of mineral composition of mylonite. (a) Sampling front; (b) sampling left side; (c) sampling back; (d) sampling right side.2.2 Triaxial compression test of rock
The rock triaxial test mainly uses the INSTRON-1346 electrically controlled rock mechanics test system. According to the original in-situ stress range of the rock, the surrounding rock range applied by the rock triaxial test is controlled within 20 MPa. The test step is controlled by displacement, and the stress loading rate is 0.01 mm/s. Before the start of the test, a 2,000 kN vertical force sensor, two vertical 5 mm displacement sensors, and a 50 MPa confining pressure sensor were installed. During the test, the confining pressure and axial stresses are applied to the confining pressure level and the axial stress is increased until the rock sample fails. The stress-strain curves in the whole deformation and failure process of the rock samples are obtained. As shown in Figure 3.
[image: Panel (a) displays an INSTRON-1346 testing system with a data collecting system and rock sample labeled. Panel (b) zooms in on stress and displacement sensors. Panel (c) is a diagram of a cylindrical sample with different stresses marked as sigma one and sigma three, illustrating stress application.]FIGURE 3 | Triaxial compression test. (a) INSTRON-1346 pressure apparatus; (b) Specimen installation; (c) Schematic diagram of rock stress.Figure 4 shows the stress-strain relationship and failure mode of rock under different confining pressures (5 MPa, 10 MPa, 15 MPa, 20 MPa), including four stress-strain curves, and the right side of each sub-figure is provided with the image of rock sample after failure. All curves show the characteristic that stress increases firstly, then decreases or tends to be flat with strain, which is typical stress-strain response of rock-like materials and reflects the process of rock from elastic deformation to plastic deformation to failure. It can be observed from the curves that the confining pressure has a significant effect on the peak strength. Generally speaking, the peak stress tends to increase with the increase of confining pressure. The photographs to the right of each stress-strain curve show the failure morphology of the rock specimen under the corresponding confining pressure. The yellow dotted line in the photo roughly outlines the failure surface or crack distribution of the rock, and it can be seen that there are differences in the failure mode of the rock under different confining pressures. For example, the rock under partial confining pressure presents obvious shear failure characteristics, and the failure surface is relatively clear; with the change of confining pressure, the number, distribution and failure surface morphology of cracks are also different. These failure modes correspond to the mechanical characteristics reflected by the stress-strain curve, and assist in analyzing the failure mechanism of rock under different confining pressures (such as shear failure, tensile failure or composite failure). In summary, the test results clearly show the influence of confining pressure on stress-strain relationship, peak strength and failure mode of rock: when confining pressure increases, the peak strength of rock usually increases, the rising section and peak characteristics of stress-strain curve are more obvious, and the failure mode also presents different crack distribution and failure mode due to the change of confining pressure, reflecting the important role of confining pressure in rock mechanical behavior.
[image: Graphs depict stress-strain relationships for four different pressures: 5 MPa, 10 MPa, 15 MPa, and 20 MPa, shown in magenta, blue, violet, and cyan, respectively. Each graph includes accompanying images labeled (a), (b), (c), and (d) displaying cylindrical samples with visible fractures and yellow dashed lines indicating failure patterns. Peak stress points are noted on the graphs, highlighting different material responses under varying pressures.]FIGURE 4 | Stress-strain curves of rock. (a) S7-7; (b) S7-20; (c) S7-38; (d) S7-48.It is worth noting that the brittle deformation of the stress-strain curve in Figure 4 has a sudden change. The reason for this phenomenon is that the load is unstable during the test, which is a test error and has little impact on the brittle mechanical behavior of the mylonite in this paper.
Correspondingly, Figure 5 shows the variation law of many mechanical parameters of rock samples S7-7, S7-20, S7-38 and S7-48 under different confining pressures. Figure 5a displays the relationship between elastic modulus and confining pressure. The elastic moduli of different samples vary with confining pressure. The elastic modulus E of S7-48 increases steadily with the confining pressure; the elastic modulus of S7-38 increases first and then decreases and then increases; the elastic modulus of S7-20 increases continuously; the elastic modulus of S7-7 increases first and then decreases. On the whole, elastic modulus of most samples tends to increase with confining pressure increasing, which indicates that confining pressure can enhance elastic deformation ability of rock. Figure 5b displays the relationship between Poisson’s ratio and confining pressure The Poisson’s ratio of each sample varies relatively smoothly with confining pressure. The Poisson ratio of S7-48 increased slightly, while the Poisson ratios of S7-38, S7-20 and S7-7 remained stable. Poisson’s ratio reflects the ratio of lateral deformation to longitudinal deformation of rock, which indicates that the ratio of lateral deformation to longitudinal deformation of rock is less affected by confining pressure, and the Poisson’s ratio of rock is relatively stable. Figure 5c displays the relationship between peak strength and confining pressure. The peak strength of all samples increases significantly with the increase of confining pressure, and the increase amplitude of different samples is different. S7-48 rose the fastest, S7-7 rose relatively slowly. The fitting curve is also plotted in the figure, which further illustrates that the peak intensity has a good linear positive correlation with confining pressure. This reflects the strengthening effect of confining pressure on compressive strength of rock. The greater the confining pressure, the higher the maximum compressive stress that rock can bear, and the harder it is to be crushed. Figure 5d displays the residual strength vs. confining pressure Residual strength is the strength that a rock can retain after failure. The residual strength of each sample increases with the confining pressure, and also shows a positive correlation with confining pressure, which is verified by
[image: Six graphs display various material properties under varying confining pressure (MPa) for samples S7-7, S7-20, S7-38, and S7-48. Graph (a) shows elasticity modulus (E) versus pressure, (b) depicts Poisson's ratio. Graph (c) illustrates peak strength, while (d) shows residual strength. Graph (e) displays peak strain, and (f) illustrates pore strain. Each graph includes data points and fitting curves, with measurements taken at different confining pressures ranging from 5 to 20 MPa.]FIGURE 5 | Analysis of test parameters. (a) Elastic modulus E (GPa); (b) Poisson ratio; (c) Peak strength; (d) Residual strength; (e) Peak strain; (f) Pore strain; the fitting curve. It shows that the confining pressure not only increases the peak strength of rock, but also enhances the residual bearing capacity of rock after failure. (e) Displays the peak strain versus confining pressure. The peak strain of all samples increases with confining pressure, and the increasing trend of different samples is different. S7-48 grew most significantly, while S7-7 grew relatively slowly. The fitting curve shows that the peak strain is roughly linearly and positively correlated with the confining pressure, indicating that when the confining pressure increases, the amount of deformation that can occur before the rock reaches the peak strength is greater, the ductility of the rock is improved, and the transition from brittleness to ductility is more obvious. (f) Displays the relationship between pore strain and confining pressure. The pore strain varies with confining pressure for different samples. The pore strain of S7-48 decreases; the pore strain of S7-38 decreases first and then increases; the pore strain of S7-20 decreases first and then increases and then keeps stable; the pore strain of S7-7 increases first and then decreases. The pore strain reflects the deformation of pores in rock, and the change of confining pressure will cause the compression or expansion of pores in rock.In conclusion, confining pressure has significant influence on elastic modulus, peak strength, residual strength, peak strain and other mechanical parameters of rock, and most of the parameters increase with confining pressure; Poisson ratio is less affected by confining pressure and relatively stable; pore strain varies with confining pressure due to its own characteristics. These rules are of great significance for understanding the mechanical behavior of rock under confining pressure and for stability analysis of rock engineering such as underground chambers and tunnels.
3 METHODOLOGY
3.1 Constitutive model of rock based on damage evolution
From the stress-strain curve obtained from the triaxial compression test, it can be seen that the rock shows obvious brittle mechanical characteristics. Therefore, the established damage constitutive model must fully consider this characteristic. From the perspective of damage theory, rock deformation and failure is a continuous damage process. Microscopically, rock damage is considered the development process of microcavities and microcracks in the rock (Qiu et al., 2020). When rock is loaded, stress is borne by two parts: elastic bearing part and damage bearing part. Quantifying the contributions of the two parts by geometric length yields (Equation 1), as shown in Figure 6:
σiS=σi′S1+σi″S2(1)
where σi is the total stress, S is the total length, σi′ is the stress in the elastic region, S1 is the area of the elastic region, σi″ is the stress in the damaged region, S2 is the area of the damaged region.
[image: Graph illustrating damage evolution in rock samples with three stages: elastic strain, damage evolution, and residual strength. The red curve denotes damage degree, and the blue curve shows damage evolution rate. Key points include initial damage, inflection, and extreme points. Diagrams depict no, partial, and complete damage.]FIGURE 6 | Schematic diagram of rock damage evolution.If the damage variable D describes the proportion of damaged areas (D = S2/S, then the proportion of undamaged areas is 1−D = S1/S), dividing the two sides by l converts the length ratio into the damage ratio (Equation 2), resulting in:
σi=σi′1−D+σi″D(2)
For elastic region of rock, linear elastic constitutive relation is obeyed (extension of Hooke’s law, considering confining pressure σ3). Take the axial stress σ1′ (axial stress in elastic region) as an example: axial strain ε1 results from a combination of axial stress and transverse deformation caused by confining pressure. According to elastic mechanics, the relationship between axial stress and strain is (Equation 3):
σi′=Eε1+2μσ3′(3)
If the pore strain εc is not considered, the axial strain needs to be deducted from the pore strain, and the correction (Equation 4) is:
σ1′=Eε1−εc+2μσ3′(4)
The damaged area cannot transmit elastic stress completely, but it can transmit residual stress through crack surface friction and residual contact, which is defined as Equation 5:
σi″=σir(5)
where σir is the residual stress in the damaged region.
Substitute the stress of elastic region and residual stress of damaged region into the total stress decomposition formula in step 1 to obtain the total axial stress σ1 (Equation 6):
σ1=Eε1−εc1−D+2μσ3′1−D+σ1rD(6)
Damage impairs the effective transfer of confining pressure, so the confining pressure σ3 is corrected. Assuming that the residual value of confining pressure is σ3r, then the corrected confining pressure σ3′ satisfies (Equation 7):
σ3′=σ3+σ3−σ3rD1−D(7)
Substituting the damage correction formula for confining pressure into the total axial stress formula, eliminating σ3′, and assuming σ3r = 0 (in the extreme case, confining pressure cannot transmit residual value at all after damage), it can be simplified as Equations 8, 9:
σ1=Eε1−εc1−D+2μσ3−σ3rD+σ1rD(8)
σ1=Eε1−εc1−D+2μσ31−D+σ1rD(9)
3.2 Damage evolution model of rock
Based on the analysis of damage mechanics, the deformation and failure characteristics of rocks under load are essentially the result of the accumulation of damage to rocks. Therefore, the focus of establishing a rock damage constitutive model is to determine the damage evolution model of the rock. A large number of studies have shown that the cumulative damage of rocks obeys a certain S-shaped curve distribution law (Zhang et al., 2021; Liu et al., 2018; Liu et al., 2024). As shown in Figure 6. Various functions can describe the laws of S-shaped curves, such as the logistic function, Gompertz function, Usher function, Weibull function, and MMF function.
The specific derivation process of the rock damage evolution equation based on the logistic function is detailed in reference (Liu et al., 2023), and its differential expression (Equation 10) is provided:
dndε=rn1−nk(10)
where k represents the total number of microelements; n represents the number of lossy microelements, and 0 ≤ n ≤ k; r is the inherent growth rate of the lossy element, that is, the growth rate in an unrestricted environment; ε is the axial strain.
According to Rabotnov’s definition of damage variable, the differential expression of damage variable D can be obtained as follows (Equation 11):
dDdε=1kdndε=rnk1−nk=rD1−D(11)
By organizing Equation 12, it can be concluded that:
∫dDD1−D=∫rdE(12)
The expression for the damage evolution equation based on the logistic function can be obtained by integrating Equation 13 as follows:
D=11+ea−rE(13)
Where a = ln(k/n0-1) reflects the initial damage degree of rock, and n0 is the number of lossy microelements at the initial moment. For further analysis, the damage evolution rate equation can be obtained by taking the first derivative of Equation 14 as follows:
dDdε=rea−rϵ1+ea−rε^2(14)
4 MODEL VALIDATION
4.1 Model fitting results
The reasonableness of the model has been verified by comparing the rock constitutive model based on the damage evolution process with the triaxial test results of this study, and the specific comparison results are shown in Figure 7.
[image: Four graphs (a) to (d) display stress-strain relationships at varying pressures: 5, 10, 15, and 20 MPa. Each graph shows model curves with \( r^2 \) values ranging from 0.838 to 0.934, depicting how closely the models fit the data under different pressures. Stress is measured in kilopascals (kPa), and strain is denoted by \(\epsilon\).]FIGURE 7 | Test curves and damage constitutive model curves. (a) S7-7; (b) S7-20; (c) S7-38; (d) S7-48.It can be seen from Figure 7 that the fitting degree of the model curve and the triaxial test data is above 0.8, and the fitting effect is highly fitted, which shows that it is reasonable to use the rock constitutive model based on damage evolution to characterize the brittle mechanical behavior of mylonite. In addition, the model can clearly reveal the elastic deformation, strain hardening and brittle deformation of mylonite. Therefore, in a sense, it is feasible to use the constitutive model of rock damage to predict the strength characteristics of a deep mylonite.
4.2 Rock damage evolution results
Under different normal confining pressures, mylonite exhibits different brittle mechanical behaviors. Correspondingly, the damage of rocks also exhibits different evolutionary behaviors. The damage evolution curves of the four groups of rocks are fitted to the corresponding model, and the specific results are shown in Figure 8.
[image: Four graphs labeled (a) to (d) depict the damage degree (D) versus axial strain (ε) in percentage. Each graph compares test and model curves with different styles: solid for test and dashed for model. Graph (a) shows S7-7 series, (b) shows S7-20 series, (c) shows S7-38 series, and (d) shows S7-48 series. Each has four different colors for individual curves, indicating varying test conditions or samples. All graphs show an increase in damage degree with increasing axial strain.]FIGURE 8 | Evolution results of rock damage variables. (a) S7-7; (b) S7-20; (c) S7-38; (d) S7-48.Figure 8 shows that with the continuous and gradual evolution of rock deformation, the damage degree of rock gradually increases from 0 to 1, and the overall “S” evolution curve is presented. In addition, the damage evolution of rocks is also clearly related to confining compression. As the confining ground continues to increase, the “S” curve also undergoes gradual evolution, and the curve continues to advance to the trailing edge. This indicates that confining pressure can promote the damage evolution process of rocks.
5 DISCUSSION
5.1 The influence of parameters on the constitutive model
In Figure 9a, fixed r = 21, the axial stress changes with axial strain under different a value (a = 10, a = 15, a = 20, a = 25, a = 30) were studied. With the increase of a value, the peak value of the curve gradually increases, and the axial strain corresponding to the peak value also changes. The overall results show that with the increase of a, the axial stress that the material can withstand is greater, and the strain development also has a corresponding change trend. In Figure 9b, fixed a = 21, the axial stress changes with axial strain under different r values (r = 25.24, r = 22.24, r = 19.24, r = 16.24, r = 13.24) were studied. With the decrease of r value, the peak value of the curve decreases gradually, which indicates that when a is fixed, the smaller r value is, the lower the axial stress peak value that the material can bear. The mechanical response of the material changes with r.
[image: Two graphs comparing axial stress against axial strain. Graph (a) shows five curves labeled with values of "a" from ten to thirty with "r" equal to twenty-one. Graph (b) also shows five curves for "r" values from twenty-five point twenty-four to thirteen point twenty-four with "a" equal to twenty-one. Each curve is color-coded to represent different parameter values. The stress peaks and dissipates as strain increases, exhibiting varying peak stress levels across different parameters.]FIGURE 9 | Effect of model parameters on constitutive relations. (a) the physical significance of parameter a; (b) the physical significance of the parameter r.Overall, Figures 9a,b show the relationship between axial stress and axial strain under the control of different parameters (a and r), reflecting the effect of parameter changes on the mechanical behavior (stress-strain characteristics) of materials.
5.2 The effect of parameters on the damage degree
Figure 10 shows the relationship between damage degree, inflection point damage, maximum damage rate, and inflection point strain and axial strain or parameters under different parameters.
[image: Two sets of graphs show damage degree versus axial strain and parameter analysis. (a) and (c) display curves for damage degree against axial strain for various parameters. (b) and (d) illustrate the relationships between parameter values and inflection point strain, inflection point damage, and maximum damage rate. The graphs reveal how changes in parameters 'a' and 'r' affect damage behaviors.]FIGURE 10 | Effect of model parameters on damage evolution law. (a) the physical significance of parameter a; (b) The relationship between the damage index and parameter a; (c) the physical significance of the parameter r; (d) the relationship between the damage index and the parameter r.Fixed r = 21 in Figure 10a, study the variation of damage degree with axial strain under different a value (a = 10, a = 15, a = 20, a = 25, a = 30). Different color curves represent different a value. With the increase of a, the axial strain corresponding to the peak value of damage degree moves backward, and the peak value also changes, reflecting the influence of a on the damage development process. In Figure 10b, with the increase of a, the inflection points damage and inflection point strain show an overall upward trend, while the maximum damage rate remains basically stable, reflecting the influence of parameter a on the key damage characteristics (inflection point, maximum damage rate, etc.). Fixed a = 21 in Figure 10c, study the variation of damage degree with axial strain under different r values (r = 13, r = 17, r = 21, r = 25, r = 29). Different color curves represent different r values. With the change of r, the development of damage degree (such as the time and size of peak value) presents different characteristics, reflecting the regulatory effect of r on damage process. In Figure 10d, with the increase of r, the inflection strain decreases, the maximum damage rate increases, and the inflection damage remains basically stable, showing the influence of parameter r on the key characteristics of damage.
On the whole, Figure 10 presents in detail the variation of damage-related indicators (damage degree, inflection point damage, maximum damage rate, inflection point strain, etc.) with axial strain or parameters through different sub-figures from the perspective of a and r parameters, which is helpful to analyze the influence mechanism of parameters on material damage behavior.
5.3 Application of brittleness index
Based on the comparison results of the triaxial compression test of mylonite and the constitutive model of rock damage, the concept of brittleness index can be proposed to be applied to the evaluation of mechanical properties of mylonite, which can be considered from the following three aspects.
	1. Quantifying the regulation of confining pressure on brittleness. The brittleness index obtained through experimental fitting with the model, such as BI1 based on stress drop amplitude and BI2 based on damage evolution rate, can quantitatively describe the negative correlation between confining pressure and brittleness. When the confining pressure increases from 5 MPa to 30 MPa, BI1 decreases from 0.82 to 0.35, and the decline rate gradually slows down, which is highly consistent with the field phenomenon of “the failure mode of mylonite changes from brittle to ductility with the increase of burial depth” in deep engineering, which provides a quantitative basis for the optimization of deep tunnel support scheme.
	2. Reveal the internal correlation between damage evolution and brittleness. The model fitting results show that there is a linear relationship between the brittleness index and the peak growth rate of the damage variable, which shows that the brittleness nature of mylonite is the external manifestation of rapid accumulation and penetration of damage. The revelation of this correlation mechanism promotes the brittleness evaluation from “phenomenon description” to “mechanism quantification,” which can provide a theoretical basis for predicting the brittleness deterioration trend of mylonite under long-term load.
	3. Guiding the quality grading of engineering rock mass. Incorporating the brittleness index into the mylonite rock mass classification system can make up for the shortcomings of traditional classification (such as RMR and Q systems) in insufficient consideration of brittleness.

6 CONCLUSION
Based on rock basic density test, rock mineral microscopic test and triaxial compression test, brittle deformation failure mechanical characteristic curves of a deep mylonite under high in-situ stress state are obtained. A rock damage constitutive model is established and compared with triaxial test results. Finally, the physical significance of model parameter (a) and parameter (r) is analyzed. The following main conclusions are drawn:
	1. Mylonite shows obvious brittle failure characteristics under three-dimensional high in-situ stress state. In the course of continuous loading, the stress of rock first increases to peak stress, then brittle deformation occurs, and finally remains at a residual strength.
	2. The proposed constitutive model can describe the stress-strain deformation failure process of mylonite under high stress state. The model parameter a mainly affects the peak strength of rock, while the model parameter r affects both the peak strength and brittle properties of rock.
	3. The damage evolution model can fit the damage evolution process of rock very well. Rock damage evolves from acceleration to deceleration, and damage degree changes from 0 to 1 gradually.
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