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Abstract

:

Permeability, as a critical element in making sure the underground facilities are secure, is a vital consideration in analyzing the rock material seepage. Selecting granite gneiss from underground oil storage as the research sample in this study. Triaxial mechanical property tests under different hydro-mechanical properties were carried out under the rock full-automatic triaxial servo system that controls the application of axial pressure, confining pressure, and seepage pressure. Through experiments carried out, we obtained the rock samples’ mechanical properties and permeability in three stages of the stress–strain process. The study shows that the seepage pressure considerably affects granite gneiss strength and deformation parameters under hydro-mechanical properties. On the basis of the same confining pressure, in pace with the growth in seepage pressure, elastic modulus, the deformation modulus, and the peak strength present a prominent decreasing inclination. The derived mechanical parameters are bound up with the stages we divided. This study analyzes and discusses the relationship among the strains and permeability, establishing the granite gneiss hydro-mechanical coupling constitutive model. Verification shows the results in numerical and experimental matches well, indicating that the rock hydro-mechanical properties could be effectively represented by the constitutive model.
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1. Introduction


Rock coupling characteristics of hydro-mechanical properties caused by seepage water have become a focus of current research in rock mechanics and engineering [1]. The rock (body) influences and interacts with the environment in terms of the coexisting crustal stress field, seepage field, chemistry, temperature, and other fields; it is in a dynamic balance, especially in interactions of all fields [2,3,4]. The hydro-mechanical properties in rock mean that variations in the stress field can cause differences in the inner microcracks and pores of the rock, as well as variations in pore pressure and permeability internal the rock; in the meanwhile, due to changes in pore pressure, the affection on permeate on the microcracks and pores of the rock inner structure changes, thereby reversing the rock internal stress field. The interactions and influences in the light of the rock hydro-mechanical properties play a prominent role in rock engineering safety and stability [5,6].



Granite gneiss is a metamorphic rock with comparatively high mechanical strength, compact construction, and low porosity [7]. Further understanding the granite gneiss mechanical behavior is of vital importance to guarantee the rock storage projects have secure and efficacious design and construction. Currently, experimental research about rock permeability characteristics mainly centers on a number of high-permeability rocks (for instance, sandstone or coal rock) [8,9,10]. There are a handful of studies on rock permeability characteristics with high strength and low porosity (such as granite or marble). In recent years, domestic and foreign scholars have also achieved a substantial amount of research results on indoor uniaxial or triaxial hydro-mechanical properties tests of rocks using water as the permeable medium [11,12,13,14,15,16,17]. From this research, the rock permeability is mainly with regard to elements, for instance, the strain, stress, fluid, pore pressure, and temperature, with the main research object being rocks with larger pores. The permeability of low-permeability hard rocks is rarely involved. Moreover, previous research mainly centered on the association between permeability and axial strain, with small amounts of research studies detailing the quantitative relationship among circumferential, volumetric strain, and rock permeability [18,19].



The rock’s mechanical behavior can be represented by the constitutive model on rocks [20]. The constitutive model is an effective way to research the rock coupling characteristics in a water environment. The central research methods include applying empirical equations to test results directly, parallel connections of assorted components, as well as adding nonlinear terms. In view of the elastic–plastic theoretical framework, there were three sorts of rock constitutive models [21,22,23]. By simulating the influence of seepage in rocks on their deformation behavior under stress, the permeate influence on the rock’s inner stress field can effectively be achieved. By characterizing the internal permeability evolution law of rocks through the deformation behavior under stress, the stress field effect on the seepage field can be achieved, thereby achieving the hydro-mechanical properties of rock. This research is beneficial for considering the study of rock mechanical properties, failure mechanisms, and evolution laws of seepage characteristics under the coupling state of a seepage environment and stress. It also provides a considerable reference for the security and perdurable stability of major national infrastructure items, that is, water conservancy and hydropower engineering, underground energy storage, as well as transportation engineering.




2. Materials and Methods


2.1. Basic Physical Characteristics of Granite Gneiss


Granite gneiss rock sample is taken from an underground oil storage cavern, which is from late Proterozoic. Its cardinal mineral components are plagioclase, hornblende, biotite, potassium feldspar, quartz, and so on, with high strength, brittleness, and hardness, making it a hard rock. In line with the recommendations of the International Society for Rock Mechanics (ISRM) [24], choosing standard cylindrical specimens that are 100 mm in height and 50 mm in diameter.



Rock sample density measurement involves soaking a dry rock sample in water, measuring the volume of water discharged, and then dividing the mass by the volume to obtain the rock density. The determination of rock porosity involves soaking dry rock samples in water and using a vacuum pump to saturate the rock samples. By measuring the weight difference between the saturated rock samples and dry rock samples, calculating the rock samples porosity. It was found that the average porosity of the rock sample is 1.79%, and the average natural density is 2.61 g cm−3. It belongs to a low-permeability rock type, with a lower porosity and higher initial density.




2.2. Experiment Plan and Method


The fully automatic triaxial servo system for rocks could control axial pressure, confining pressure, and seepage pressure, as shown in Figure 1. Different seepage pressures are set at the rock sample at both ends so as to form seepage pressure differences to achieve the application of seepage pressure. The control system of seepage water pressure can accurately dominate the inlet seepage pressure, achieve the constant-flow pump method, and convert the rock sample permeability by monitoring the seepage water flow rate. The range of applied load for hydraulic pumps controlling the confining pressure is 0–60 MPa, and applied bias pressure range for hydraulic pumps controlling the axial pressure is 0–500 MPa. A linear displacement sensor (LVDT) and a circumferential strain measurement ring composed the strain measurement system. The experimental data can be recorded in real-time and transmitted to the computer to achieve full digitalization and mapping during the experimental process, facilitating real-time dynamic monitoring of the experiment.



Before starting the experiment, a rock saturation test was conducted to simulate the rock sample’s natural state, as the granite gneiss had been in a saturated state when it was taken from an underground, underwater cavern. In order to decline the temperature changes during the experiment, maintain the indoor temperature at 20 ± 0.5 °C; this temperature is the basic requirement for room temperature testing [24]. The experiment adopted a loading method of stress control followed by strain control. At the initial loading stage, maintain the confining pressure and pore pressure values. Using 0.75 MPa/min loading rate, paying attention to observing the changes in the circumferential strain curve. When nonlinear characteristics are exhibited on the circumferential strain curve, the rock sample undergoes plastic deformation; that is, near the yield stress point, the loading method changed from stress control to strain control and controlled 0.01 mm/min loading rate till the rock sample failed. The two types of rock samples used for seepage pressure were 1 MPa and 3 MPa. The test plan is shown in Table 1.



Measuring the granite gneiss permeability in test accurately by the rock seepage water flow changes and its relationship with the confining pressure and pore pressure difference [25]. As shown in Formula (1):


  K =   μ L V   A Δ P Δ t   ,  



(1)




where K is the permeability (m2);   Δ P   is the pore pressure difference between the specimen two ends (Pa); μ is the water dynamic viscosity (Pa·s), μ = 1 × 10−3 Pa·s at 20 °C; A is the rock specimen cross-sectional area (m2); L is the rock specimen length (m); V is the instantaneous flow volume (m3); and Δt is the time interval (s).





3. Results and Discussion


3.1. Stress–Strain Curve under Hydro-Mechanical Properties


The triaxial experimental research on the coupling effect of hydro-mechanical properties mainly centered on the stage before peak strength in the curve. The mechanical and deformation characteristics after the peak are relatively complex, and the seepage transformed from the assumed continuous medium pore seepage to fracture seepage, and the seepage characteristics are also more complex. In order to describe the relevance and characteristics among the samples’ axial, circumferential, and volumetric strains more clearly, the post-peak deformation stage was omitted, and only 1–2 experimental data points were left to indicate the peak points. The test’s main mechanical and deformation parameters are presented in Table 2: σ3 is confining pressure, Pi is the pore pressure, σc is peak strength, ε1c is axial peak strain, ε3c is circumferential peak strain, and Es is the elastic modulus.



The triaxial test stress–strain curve in the coupling effect is shown in Figure 2.



From Figure 2, we can see that the rock samples generally go through three stages before failure. These stages are the microcrack compaction stage, the linear elastic deformation stage, and the internal damage expansion and deformation failure stage. The microcrack compaction stage is an early small nonlinear deformation stage in the stress application, which is caused by the closure of microcracks and pores inside rock samples in stress. After compacting the cracks, pores, and so on in the rock, the specimen enters the elastic deformation stage, which is a linear deformation stage mainly subject to the rock skeleton pressure, as well as its linear slope, which is the rock elastic modulus. This is in accordance with the results acquired in similar studies [26]. Subsequently, the specimen entered a relatively stable nonlinear deformation stage, followed by rapid deformation, reaching its peak strength. During this stage, the crack, along with the stress, increases stably. As the stress increases, the specimen tends to fail, and the crack expansion is rapid, ultimately reaching its peak strength.




3.2. Impact of Seepage Pressure on Deformation and Strength Parameters


In light of test results under the hydro-mechanical properties, we can see that the seepage pressure has a major affection on granite gneiss strength and deformation parameters under the hydro-mechanical properties. Basing the identical confining pressure, rising seepage pressure, rock peak strength, elastic modulus, and deformation modulus gradually appear to be a prominent decreasing trend. This is the confining pressure unloading effect. In accordance with the principle of effective stress, the larger the seepage pressure, the lower the actual confining pressure. Furthermore, the elastic modulus decrease rate takes on a declining trend with the seepage pressure rising, while the deformation modulus decrease rate appears an increasing inclination along with the seepage pressure increase. Observed this rock mechanical behavior characteristic evolution under compression in similar research [27,28].



In the same confining pressure, the yield strength changing its trend in pace with the seepage pressure increase is not obvious. This is because the development and closure of microcracks are very limited and can be ignored in linear elastic deformation as the rock specimen is mainly subjected to pressure from the rock skeleton, and the infiltration of permeable water would also be limited at this stage. The seepage water mainly couples seepage and stress through the flow of microcracks in the rock specimen. Compared with the confining pressure influence, the pore pressure affection on yield strength is very limited.



The experimental rock specimen was processed from the rock specimen drilled during exploration, which is often disturbed by large machinery and external forces in the early stage. The initial internal damage is unknown, and there is a certain possibility of dispersion. And the axial peak strain is closely bound up with the mechanical parameters, that is, the sample peak strength and elastic modulus. A weakening effect on the pore pressure to peak axial strain appears to have poor regularity, which is different from the trend of gradually decreasing parameters, that is, the peak strength as pore pressure rises. The yield axial strain appears to have a gradual growth trend with the pore pressure increasing.




3.3. Permeability Evolution Law of Granite Gneiss


In view of the granitic gneiss triaxial test results on the affection of hydro-mechanical properties, the granitic gneiss generally experiences three stages before the peak failure, namely the early stage of microcrack compaction, linear elastic deformation, and internal damage expansion and deformation failure. Volume strain is a parameter of the rock’s overall deformation characteristics in triaxial tests that can be used to represent the rock samples’ overall deformation characteristics under different stresses. The calculation formula for volumetric strain is shown in Equation (2).


   ε v  = − Δ V /  V 0  =  ε 1  + 2  ε 3  ,  



(2)







In the equation,    ε 1   ,    ε 3   ,    ε v   , respectively are axial strain, circumferential strain, and volumetric strain, where    ε 3    has negative values;   Δ V   is the increase in sample volume; and    V 0    is the sample original volume. Figure 3 shows permeability and stress–volumetric strain curves in the coupling effect of hydro-mechanical properties.



The permeability evolution laws of rocks under different stress are different, and there is currently no unified model that can indicate the relevance between rocks’ permeability and total stress–strain in diverse stress states. As seen in Figure 3, there is a good correlation between volume strain and permeability of granite gneiss in testing. Therefore, the granite gneiss hydro-mechanical properties model can be further established by discussing the relevance between its permeability and volume strain. The curve in the figure shows that the volumetric strain from point O to point A is the microcrack compaction initial stage. Permeability declines in the volumetric strain. Point A to point B is part of the linear elastic deformation stage, and the permeability appears to have a weak decreasing trend with the volume strain increasing or fluctuating around a fixed value; point B to point C is the internal damage expansion and deformation failures stage, during which the permeability appears a major increasing trend with the volume strain changing.



Point B is the boundary point that transitions from elastic deformation to plastic deformation, and it is also the peak point of volumetric strain, namely the volumetric expansion point. The permeability of rock samples R1 and R2 increase significantly after point B, while those of rock samples R3 and R4 do not increase as much, mainly because the confining pressure effectively enhances these rock samples ductility characteristics, as well as effectively restricts their lateral deformation and microcrack expansion. The higher the confining pressure, the lower the permeability of the rock samples. It is in accordance with the conclusions obtained in analogous research [29]. It is also the critical point for the expansion and enhancement of cracks in the rock and the transition of permeability from stable fluctuations to stable growth. Therefore, the granite gneiss permeability volume strain curve can be divided into two stages by taking point B as the dividing point. One stage is the gradual decrease in permeability, followed by a slight rate of decrease or fluctuations around a certain value. Another stage is when the rock specimen undergoes plastic deformation, and the permeability little by little increases with the volumetric strain changing, finally reaching its peak. In order to further analyze the permeability characteristics in the mechanical characteristics test in the coupling effect of hydro-mechanical properties, a function fitting method was used to study the two stages bounded by point B. Among them, the BC stage was analyzed using the volumetric strain relative value, as shown in Equation (3):


   ε  v i   =  ε  v B   −  ε v  ,  



(3)







In the formula,    ε  v i     is the volumetric strain relative value in stage BC;    ε  v B     is the volumetric strain value at point B;    ε v    is the actual volumetric strain value for stage BC.



Figure 4 shows the piecewise fitting relationship curve of permeability–volumetric strain in testing the hydro-mechanical properties. It can be seen that an exponential function can better fit the permeability change characteristics in section OB, while a logarithmic function is required for section BC to better simulate the permeability variation law with volume strain. A relevance between permeability and volumetric strain could be well demonstrated through piecewise fitting (sections OB and BC) so that the hydro-mechanical properties model can be established. The coupling expression is the following:


  K =  {    y =  a 1  exp  (  −  b 1   ε v   )  +  c 1      y =  a 2  ln  (   ε  v B   −  ε v  +  b 2   )                      (  t <  t B   )         (  t ≥  t B   )                 ,  



(4)







In Formula (4),    a 1   ,    b 1   ,    c 1   ,    a 2   ,    b 2   , and    c 2    are experimental parameters, which can be fitted by the results of the hydro-mechanical properties test, as shown in Table 3.





4. Numerical Simulation


4.1. Proposal of Coupling Variables


During the rock deformation and failure stage, there is relevance in the sample plastic deformation and the rock porosity changes. Entering the internal damage expansion, deformation, and failure stage, a relevance between the rock expansion caused volume porosity variations and the rock-generated plastic deformation. Rubin et al. established a correlation formula between plastic strain increment and expansion porosity increment [30,31]. An equation was proposed for the relation in the variation rate on expansion porosity and strain increment. This equation applies to porous media:


  d  ϕ  d i l   =    m d  q  (   ϕ  d i l   max   −  ϕ  d i l    )  d  ε p   p  ,  



(5)







In Equation (5),    ϕ  d i l   max     is the expanding porosity maximum threshold, md is the rock expansion rate, q is the rock deviatoric stress, p is the average stress. Rock expansion porosity is 0 in the linear elastic stage. During the plastic deformation stage, the deviatoric stress and plastic deformation increments are positively correlated with the expansion porosity increment.



In accordance with the porous media theory, the instantaneous water infiltrating volume permeate   Δ  V l    (m3) inner the rock is obtained as the Formula (6):


  Δ  V l  =    A s  Δ p Δ t    μ l   L s    K ,  



(6)







In line with the relevance equation between volume strain and permeability in the granite gneiss hydro-mechanical properties test, the volume strain can be used to characterize permeate volume immersed into the rock specimen at any instant, so Formula (6) can be rewritten as Formula (7):


  Δ  V l  =  {         A s  Δ p Δ t    μ l   L s     (   a 1  exp  (  −  b 1   ε v   )  +  c 1   )           A s  Δ p Δ t    μ l   L s     a 2  ln  (   ε v  max   −  ε v  +  b 2   )                      (  t <  t B   )              (  t ≥  t B   )                ,  



(7)




where tB is the dilatancy point of volume strain and the permeability expressed in exponential function and logarithmic function in the volume compression and dilatancy stage.



The permeable water affection is primarily reflected in water pressure on rock specimens’ internal microcracks and pores. With regard to saturated rocks, the water influence on the rock stress field can be expressed by the ratio of permeability rate to pore water volume, defined as coupled variable ξ with the aim of demonstrating the impact on water instantaneous infiltration, as shown in Equation (8):


  ξ =   Δ  V l     A s   L s  ϕ   ,  



(8)







Formula (8) is the coupling variable expression we define. The rock volume strain, plastic strain, and deviatoric stress changes directly affect the coupled variable. In the meanwhile, the coupled variable under these influences will, in turn, transform the volume strain, plastic strain, and other variables, as well as achieve its coupling characteristic.




4.2. Establishment of Constitutive Model


Conventional linear failure surfaces cannot accurately indicate the nonlinear features of the rock sample. On account of the test analysis, an improved Durkcer–Prgaer criterion was used as the plastic yield function, and a hydro-mechanical properties variable was introduced into this equation to realize the characteristics of the sample hydro-mechanical properties [32,33,34]. This model simulates rocks as isotropic porous media. The improved equation is expressed as follows:


  f =  q 2  +  A 0   (  1 − α ξ  )  h  ( θ )   α p   (  p −  C 0   )   p 0  = 0 ,  



(9)







In Formula (9), parameters A and C0 in the plastic yield surface are obtained from different confining pressure conditions triaxial tests, ξ is the coupling variable, and α is the coefficient of the coupling variable.



The plastic potential energy can determine the incremental characteristics of plastic strain under the permeate action. In line with the relevant research results of S. Pietruszczak et al. [35]. The plastic potential energy equation in elastic–plastic damage constitutive model is improved by introducing the coupling variable:


  g = q +  A 0   (  1 −  α 1  ξ  )   (  1 − d  )  η h  ( θ )   (  p −  C 0   )  ln  (    p −  C 0     I 0     )  = 0 ,  



(10)







In Formula (10), the intersection of the mean stress and plastic potential surface is I0, η is the volume compression and expansion points slope.



Damage occurs and expands continuously under the action of damage-driving forces. This study introduces a damage criterion proposed by J. Mazars [36] to characterize the granitic gneiss damage evolution.


   f d   (   Y d p  , d  )  =  d c  tanh  (   B d   Y d p   )  − d ≤ 0 ,  



(11)







In Equation (11), Ydp is the rock damage driving force, dc is the maximum damage variable, Bd controls the damage evolution rate.



The coupling effect on rocks could lead to degradations in the modulus of rock materials. Based on irreversible thermodynamic characteristics, the stiffness tensor can be obtained. The following expression of the stress–strain relationship is obtained:


  σ =  (  1 −  α 2  ξ  )   (  1 − d  )   ℂ 0  :  ε e  = ℂ  (  ξ , d  )  :  ε e  ,  



(12)







In Formula (12), it can be seen that both the coupled variables of seepage stress and damage can lead to the degradation of rock stiffness. In the test, degradations in the moduli are the result of the combined coupling effect, which is a non-increasing function. When coupling variables ξ and the damage variable d are both 0, the rock is in an initial state of no seepage and no damage, and the hydro-mechanical properties elastic stiffness matrix   ℂ  (  ξ , d  )    is the same as the initial elastic stiffness matrix    ℂ 0   .



According to the consistency principle, considering that granite gneiss failure and nonlinear behavior is the result of damage, plastic deformation, and hydro-mechanical properties, listing the consistency conditions of damage, plasticity, and coupling. The damage multiplier dd can be obtained as shown in Equation (13):


     d d = −     ∂  f d    ∂  Y d p     (    ∂  Y d p    ∂  ε p    : d  ε p  +   ∂  Y d p    ∂  γ p    d  γ p   )   /    ∂  f d    ∂ d         = −  λ s      ∂  f d    ∂  Y d p     (    ∂  Y d p    ∂  ε p    :   ∂ g   ∂ σ   +   ∂  Y d p    ∂  γ p     )   /    ∂  f d    ∂ d        ,  



(13)







By substituting the damage multiplier dd into the coupling consistency condition, Equation (14) is obtained as follows:


  d ξ = −  λ s   (    ∂ ξ   ∂ d     :   ∂  f d    ∂  Y d p     (    ∂  Y d p    ∂  ε p    :   ∂ g   ∂ σ   +   ∂  Y d p    ∂  γ p     )   /    ∂  f d    ∂ d     +   ∂ ξ   ∂  ε p    :   ∂ g   ∂ σ    )  +   ∂ ξ   ∂ σ   : d σ ,  



(14)







By substituting the coupled plastic flow law, damage multiplier, and hydro-mechanical properties multiplier into the plastic consistency condition, the coupled plastic multiplier λs can be obtained as Equation (15):


   λ s  =    (    ∂  f s    ∂ σ   +   ∂  f s    ∂ ξ     ∂ ξ   ∂  σ     )  d  σ     H  ξ d     ,  



(15)







Among the terms, Hξd is the plastic hardening modulus, which is obtained as Equation (16):


     H  ξ d   =  (    ∂  f s    ∂ d   +   ∂  f s    ∂ ξ     ∂ ξ   ∂ d    )   (      ∂  f d    ∂  Y d p     (    ∂  Y d p    ∂   ε  p    :   ∂ g   ∂  σ    +   ∂  Y d p    ∂  γ p     )   /    ∂  f d    ∂ d      )                −  (    ∂  f s    ∂  α p      ∂  α p    ∂  γ p    +   ∂ ξ   ∂   ε  p    :   ∂ g   ∂  σ     )     



(16)







The hydro-mechanical properties multiplier dξ, damage multiplier dd, and plastic multiplier λs are the key intermediate functions of the constitutive model. They respectively represent granite gneiss hydro-mechanical properties, the damage evolution rules, and the plastic deformation characteristics on the hydro-mechanical properties test.




4.3. Model Validation


Parameters A and C0 in the plastic yield surface are obtained from different confining pressure conditions triaxial tests in order to obtain the trajectories of each rock specimen peak strength, where A0 = 950 and C0 = 18 MPa. The parameter = 0.021 in the plastic hardening function is a parameter describing the initial yield surface position. The parameter B = 0.0005 of another plastic hardening function is obtained by plotting the function αp and the plastic shear strain γp curve. η= −0.0025, which is the slope of the rock specimen compression and expansion area boundary line and is also the value corresponding to the plastic volume compression and expansion critical point. It could be specifically determined by the volume expansion point of the granite gneiss triaxial mechanical property test. The critical values of damage variables, and for calculating and simulating the conveniently, dc = 0.9 and Bd = 125 are taken. The coupling variable coefficients α, α1, and α2 are all 1. The basic parameters in the coupling variables are all test parameters. Based on the research on the relationship between permeability and volume strain, the values are shown in Table 3.



In line with the establishment of the constitutive model and parameters determination, the mechanical characteristic test curve numerical simulation under the hydro-mechanical properties was carried out. The comparison between the simulation results and experimental data is shown in Figure 5.



It is obtained from Figure 5 that the constitutive model would better simulate the granite gneiss triaxial test curve. Verification shows the results in the numerical and experimental match well. All peak strengths of rock samples R1 to R4 obtained by simulation are 237.56 MPa, 214.48 MPa, 248.91 MPa, and 235.82 MPa, respectively. Compared with the experimental data in Table 2, the differences are 0.18%, 0.59%, 0.06%, and 0.36%, respectively, none of which exceed 1%. And the simulated axial peak strains of rock samples R1 to R4 are 6.38, 6.05, 6.55, and 6.93, respectively. Compared with the experimental data in Table 2, the differences are 4.08%, 4.85%, 0.92%, and 4.84%, respectively, all of which do not exceed 5%. The established hydro-mechanical properties constitutive model can not only describe the plastic deformation, damage evolution, pressure dependence, compression to dilatancy transition, pre-peak plastic hardening, and post-peak strain softening of granite gneiss but also describe the changes in deformation and strength characteristics under different seepage pressure conditions. This model would better interpret the granite gneiss hydro-mechanical properties under seepage water pressure.





5. Conclusions


In this research, the granite gneiss mechanical properties under hydro-mechanical properties were studied experimentally. A fully automatic triaxial servo system for rock was used to conduct triaxial mechanical tests under hydro-mechanical properties. There are several conclusions as follows:




	(1)

	
The results divide the stress–strain process into three stages to characterize rock materials’ mechanical behavior characteristics under triaxial compression conditions. (i) The microcrack compaction stage is a relatively small nonlinear deformation stage on the rock’s internal microcracks and pores under stress. (ii) The linear elastic deformation stage is mainly affected by the pressure of the rock skeleton. Its linear slope is the rock elastic modulus, which is a vital parameter for characterizing mechanical properties. (iii) The damage and failure stage is a nonlinear plastic deformation stage where cracks expand rapidly.




	(2)

	
The boundary point between the first and second stages generally distributes around the first intersection of the stress–strain curve and the permeability–strain curve. The volumetric expansion point is the peak value of volumetric strain, which is the dividing point in the second and third stages, identified from the volume stress–strain curve. The granite gneiss hydro-mechanical properties model can be established by the piecewise fitting curve.




	(3)

	
In view of the experimental data, a hydro-mechanical properties constitutive model that is suitable for isotropic porous media was built to model the granite gneiss mechanical behavior under different seepage pressure conditions. To test the model’s reliability, compare the numerical and experimental results. The simulated peak strengths of rock samples R1 to R4 were determined to be 237.56 MPa, 214.48 MPa, 248.91 MPa, and 235.82 MPa, respectively. Compared with the experimental data, all of these were less than 1%. The axial peak strains were 6.38, 6.05, 6.55, and 6.93, respectively. Compared with the experimental data, all of these were less than 5%. The two datasets match well, which proves this model can offer a good representation of the rock behavior prominent distinctions, that is, the plastic deformation, material damage, and hydro-mechanical properties, in different seepage pressure conditions.









The constitutive model could describe the mechanical behavior characteristics of deep-buried hard rock under the coupling effect and has important engineering value in describing rock mechanics and for underground structural safety research. In future studies, further tests on various rocks should be conducted with more loading conditions for the purpose of verifying the preliminary conclusions drawn in this research. Important value could be provided for the major national infrastructure projects’ long-term stability and safety, for instance, large-scale water conservancy and hydropower projects, as well as underground energy storage and transportation projects in complex environments.
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Figure 1. The fully automatic triaxial servo system for rocks. 






Figure 1. The fully automatic triaxial servo system for rocks.



[image: Applsci 13 12130 g001]







[image: Applsci 13 12130 g002] 





Figure 2. Triaxial compression tests stress–strain curves under hydro-mechanical properties: (a) σ3 = 4 MPa; (b) σ3 = 6 MPa. 
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Figure 3. Permeability and stress–volumetric strain curves of granite gneiss: (a) stress–volumetric strain curves; (b) permeability–volumetric strain curves. 
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Figure 4. Triaxial compression tests permeability–volumetric strain curves: (a) section OB; (b) section BC. 
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Figure 5. Simulation of triaxial compression tests of granite gneiss: (a) σ3 = 4 MPa, Pi = 1 MPa; (b) σ3 = 4 MPa, Pi = 3 MPa; (c) σ3 = 6 MPa, Pi = 1 MPa; (d) σ3 = 6 MPa, Pi = 3 MPa. 
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Table 1. Axial creep strain in various coupled conditions.
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σ3 (MPa)




	
4

	
6






	
Pore pressure/MPa

	
1

	
R1

	
R3




	
3

	
R2

	
R4











 





Table 2. The main mechanical and deformation parameters of the test.
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Rock

Sample

	
σ3/MPa

	
Pi/MPa

	
σc/MPa

	
ε1c/10−3

	
ε3c/10−3

	
Es/GPa






	
R1

	
4

	
1

	
237.13

	
6.13

	
−4.51

	
44.91




	
R2

	
3

	
213.22

	
5.77

	
−3.60

	
39.24




	
R3

	
6

	
1

	
248.76

	
6.49

	
−4.73

	
51.02




	
R4

	
3

	
236.67

	
6.61

	
−4.31

	
40.27











 





Table 3. Permeability–volumetric strain curves fitting results.
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Rock

Specimen

	
Fitting Results




	
a1

	
b1

	
c1

	
a2

	
b2






	
R1

	
0.912

	
2.592

	
0.389

	
2.142

	
1.645




	
R2

	
2.082

	
6.452

	
1.165

	
9.331

	
1.423




	
R3

	
0.692

	
5.268

	
0.077

	
0.618

	
0.870




	
R4

	
0.991

	
4.599

	
0.499

	
1.532

	
1.253
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