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Exploring the mechanical response and damage mechanism of fractured rocks under hydro-mechanical coupling is a key approach to address the safety and stability problems of rock engineering under hydro-mechanical coupling conditions. Based on Biot theory and pore elasticity theory, a numerical simulation method of hydro-mechanical coupled phase field is developed, and a staggered time integration scheme is proposed to obtain stable solutions of fluid pressure and solid deformation, in which the obtained control equations adopt the volume strain separation and partial strain separation of the elasticity theory of fully saturated porous media. Two different numerical examples of fluid permeability tests and hydraulic fracturing with natural fracture interaction are used for validation. During the comparison of the numerical model with the analytical solution, the numerical results and the previous data are in better agreement, which verifies the validity and correctness of the model method. In addition, in order to investigate the unloading damage mechanism in the actual engineering excavation process, a hydro-mechanical coupled unloading damage model was established by combining numerical examples of borehole injection tests to simulate the whole process of fracture rock propagation damage under the dual conditions of hydro-mechanical coupling and surrounding pressure unloading. The study shows that fluid infiltration and hydraulic fracture crack expansion are mainly controlled by tensioning action, while mixed tensile-shear crack expansion and connection dominate the final damage mode during coupled hydro-mechanical unloading damage.
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1 INTRODUCTION
With the rapid development of China’s modern comprehensive three-dimensional transportation system, the scale of metro and tunnel construction projects has gradually expanded, leading to a flourishing geotechnical engineering industry (Chen X. S. et al., 2025; Zhang et al., 2025). At the same time, frequent engineering accidents such as slope instability and sudden water inrush in tunnels have resulted in significant property and safety losses, attracting increasing attention from experts and scholars (Zhao Z. H. et al., 2021; Jiang et al., 2022; Wang et al., 2025). Therefore, investigating the mechanical response and failure mechanisms of fractured rocks under hydro-mechanical coupling is of great significance for ensuring the safety and stability of geotechnical engineering projects.
Regarding the hydro-mechanical coupling failure of fractured rocks, researchers both domestically and internationally have conducted a series of studies using laboratory experiments and numerical simulation methods (Li and Liu, 2021; Zhao C. X. et al., 2021; Gao et al., 2023). Laboratory experiments, through controlled variable approaches, allow for the investigation of the physical and mechanical properties and the evolution of permeability in rocks. Numerical simulation methods, on the other hand, focus on the simulation of crack propagation processes to explore fracture development patterns. Due to the complexity of hydro-mechanical coupling and the anisotropy of rocks, numerical simulation methods offer certain advantages over laboratory experiments. Currently, these numerical approaches are mainly divided into two categories: (i) continuum mechanics-based methods such as the finite element method (FEM), extended finite element method (XFEM) (Dehghan et al., 2017), and phase-field method (PFM) (Zhou et al., 2018; Zhou et al., 2019); and (ii) discontinuum mechanics-based methods such as the discrete element method (DEM) (Ghaderi et al., 2018) and the numerical manifold method (NMM) (Yu et al., 2018).
In recent years, the phase-field method has attracted increasing attention from researchers, especially in the field of hydro-mechanical coupling (Cheng et al., 2022; Xing and Zhao, 2023; Liu et al., 2024). The phase-field method describes crack propagation based on the principle of energy minimization, whereby cracks always extend along the most easily fractured direction. This approach does not require explicit crack tracking, and the mesh does not need to be updated before or after interface failure, greatly optimizing the workload involved in modeling fracture processes. Moreover, the phase-field method, with its inherent capability for multiphysics coupling, can incorporate hydraulic theories such as porous media theory and Biot poroelasticity theory (Heider, 2021; Li et al., 2022; Liu et al., 2025). By establishing fluid continuity partial differential equations, the phase-field method enables the modeling of crack propagation under hydro-mechanical coupling.
Currently, notable progress has been made in applying the phase-field method to hydro-mechanical coupling problems. Ehlers and Luo. (2017); Ehlers and Luo. (2018) conducted numerical studies of hydraulic fracturing via finite element analysis, integrating porous media theory with fracture mechanics elements and embedding the phase-field method within the porous media framework, thereby providing new perspectives for the study and computation of dynamic hydraulic fracturing. Heider and Markert, (2017), Heider et al. (2018) developed a numerical simulation framework for hydraulic fracturing in tight, low-permeability, brittle rocks. Based on the continuum mechanics theory of porous media and extended by the phase-field modeling approach, this framework considers two-phase materials composed of solid and liquid phases, employing macroscopic TPM to describe solid deformation and pore fluid flow behaviors. Yi et al. (2020) developed a nonlinear system of equations for hydraulic fracture propagation in porous media by integrating seepage mechanics, Biot poroelasticity theory, and the phase-field method, and solved these equations using FEM discretization.
Although previous studies have explored coupled thermal-mechanical behavior of soil backfill materials under cyclic loading (Ahmad et al., 2021; Ahmad et al., 2025b), hydro-mechanical interactions in fractured rock masses demand a distinct modeling approach. It is important to note that hydro-mechanical coupling problems are not simply a combination of mechanical relations; the physical and mechanical properties of rocks are also affected by water (Chen G. B. et al., 2025; Özdemír et al., 2025). For example, porosity and the Biot coefficient tend to increase as damage intensifies (Hu et al., 2010). Therefore, developing an accurate numerical model capable of predicting crack propagation and failure under hydro-mechanical coupling is critical. The phase-field method has demonstrated its effectiveness in addressing such problems in recent years. Recent advances in AI-driven assessment of material degradation (Ahmad et al., 2025a) suggest potential avenues for integrating data-driven models with phase-field approaches to enhance computational efficiency and predictive capability. This paper establishes a strain decomposition method that can simultaneously consider both tensile and shear failure by incorporating parameters such as porosity and Biot coefficient, which vary with the phase-field value. Compared to methods that only account for tensile failure, this approach can more accurately capture the results of hydro-mechanically coupled crack propagation and fracture. Building upon this, the author intends to develop a porous media hydro-mechanical coupling fracture model based on the phase-field approach, with the aim of systematically investigating the hydro-mechanical coupling failure mechanisms of fractured rocks.
2 HYDRO-MECHANICAL COUPLED PHASE-FIELD MODEL
2.1 Crack topology characterization
Within the computational domain Ω=Γ×L, where L=−∞,+∞ represents an infinitely long region, a crack is assumed to occur at the axial position x=0, with the cross-section Γ representing the fully fractured crack surface. Based on the principle of computational homogenization and accounting for the effects of microcracks and micropores, the phase-field variable dx∈0,1 in the numerical model allows the “sharp” crack topology to be described as a “diffuse” crack topology. The diffuse crack topology enables a smooth transition of geomaterials from intact to fully fractured states. In the phase-field numerical model, d=0 indicates that the material is intact (i.e., undamaged), whereas d=1 corresponds to a fully damaged state.
Under Dirichlet boundary conditions, the one-dimensional phase field can be characterized by the solution of a homogeneous differential equation, as shown in Equation 1:
d=e−xl0(1)
where l0 denotes the characteristic length of the geomaterial, which is used to describe the width of the “diffuse” crack within the phase-field model.
According to Miehe et al. (2010), the regularized crack topology can be described by defining the crack surface density function in its classical form, as given by Equation 2:
γd,∇d=12l0d2+l02∇d2(2)
where ∇d represents the spatial gradient of the phase-field variable.
Through regularization, the crack topology in the phase-field model can be defined as Equation 3:
Γd=∫γd,∇ddV(3)
Furthermore, the fracture energy Ψfrac can be expressed by Equation 4:
Ψfrac=∫ΩGcγd,∇ddV(4)
where Gc denotes the critical energy release rate of the geomaterial.
2.2 Elastic strain energy
In the study by Miehe et al. (2010), it is assumed that damage in rocks leads only to the degradation of tensile stresses. Accordingly, the strain tensor is decomposed into tensile and compressive components, as shown in Equation 5:
ε±=∑i=13εi±+ni⊗ni(5)
In this equation, εi denotes the principal strains and ni represents the directions of the principal strains. The bracket operator is defined as x±=x±x/2.
However, this approach is not effective for simulating Mode II cracks induced by shear strains. To address this limitation, discrete methods such as lattice element modeling have also been successfully applied to simulate crack evolution in cemented geomaterials (Rizvi et al., 2020). Given that current methods are capable of modeling Mode II cracks, this study adopts an alternative approach in which the strain tensor is decomposed into volumetric and deviatoric components (Liu et al., 2022), as shown in Equations 6a, b:
ε=εsph±+εdev(6a)
εdev=ε−13trεI(6b)
In this equation, ε is the strain tensor, εsph± denotes the volumetric strain tensor, εdev is the deviatoric strain tensor, and I is the second-order identity tensor.
Similarly, the strain energy density of geomaterials can be decomposed as shown in Equations 7a–c:
ψsε=ψn±ε+ψtε(7a)
ψn±ε=12εsph±:C:εsph±(7b)
ψtε=12εdev:C:εdev(7c)
where C is the fourth-order elastic stiffness tensor; ψn+ and ψn− denote the strain energy densities associated with tensile and compressive deformations, respectively; and ψt represents the strain energy density due to deviatoric deformation.
During the phase-field evolution process, the present model accounts for the degradation of strain energy resulting from both tensile-shear and compressive-shear deformations:
ψsε,d=gdψn+ε+ψtε+ψn−ε(8)
where gd=1−d2 is the strain energy degradation function.
2.3 Hydro-mechanical phase-field model
The free energy density within the solid computational domain primarily consists of two components, as shown in Equation 9:
ψε,d=ψsε,d+ψfracd(9)
where ψ denotes the total free energy density within the computational domain, and ψfrac is the fracture energy density.
Based on the theory of porous media mechanics, it is assumed that the porous geomaterial domain is fully saturated. During the simulation of hydraulic fracturing, the contribution of fluid potential energy must be considered. That is, the deformation energy density of the pore fluid, ψfluid, should be included, and the free energy density of the saturated porous geomaterial can thus be expressed as Equation 10:
ψ=ψs+ψfrac+ψfluid(10)
The deformation energy density of the pore fluid, ψfluid, is given by Mikelic et al. (2015):
ψfluid=Md2ζ−αdεii2=p22Md(11)
where p denotes the fluid pressure and ζ is the fluid volumetric content.
Experimental studies have shown that the Biot coefficient α, Biot modulus Md, and porosity φ vary with the damage and failure evolution of rock materials, i.e., they can be regarded as functions of the damage evolution. Therefore, in this model, the phase-field variable is used to describe the Biot coefficient α and Biot modulus Md, as shown in Equations 12–14:
αd=1−gdKKs(12)
where K is the bulk modulus of the porous rock, and Ks is the bulk modulus of the solid grains in the porous medium.
1M=φdKf+αd−φdKs(13)
where, Ks is the bulk modulus of the solid grains in the porous medium, and Kf is the bulk modulus of the fluid.
φd=φ0+1−φ01−1−d2(14)
where φ0 denotes the initial porosity.
Additionally, the bulk modulus of the porous geomaterial can be expressed as shown in Equations 15a, b:
K=1−φ1−mφKm(15a)
m=1+υ21−2υ(15b)
Based on Darcy’s law and Equation 11, the fluid continuity equation for a poroelastic medium can be derived as follows:
∂∂tpMd+αdεii−∇·kεiiμ∇p=0(16)
where μ is the fluid viscosity, and kεii is the permeability of the porous geomaterial. In this study, the permeability is assumed to be a function of the maximum principal strain, given by kεii=1+bε1+k0, where b is an amplification factor.
Under hydro-mechanical coupling conditions, the effective stress in the porous geomaterial can be expressed as Equation 17:
σ=∂ψsε,d∂ε+∂ψfluidε,d∂ε(17)
By manipulating Equation 8 and Equation 11, we obtain Equation 18:
σ=gdC:εsph++εdev+C:εsph−−αdpI(18)
Therefore, the stress equilibrium equation for the porous geomaterial can be written as:
∇·gdC:εsph++εdev+C:εsph−−αdpI=0(19)
Since fracture in solids is an irreversible process, to ensure that the numerical model captures this irreversibility during crack propagation, a local history variable Hε,d is introduced to drive the phase-field evolution, as shown in Equations 20a–c:
Hnε,d=maxψn+ε,dtrε≥0(20a)
Hnε,d=0trε<0(20b)
Htε,d=maxψtε,d(20c)
Accordingly, the phase-field evolution equation for the porous geomaterial can be formulated as:
Gcl0d−l0∇2d=21−dHnε,d+Htε,d(21)
Based on the above governing equations for saturated porous geomaterials, namely, Equations 16, 19, 21, together with the corresponding hydro-mechanical coupling boundary conditions, the mechanical response of the hydro-mechanical coupling failure process in saturated porous geomaterials can be comprehensively described. The expressions for the relevant boundary conditions are as shown in Equations 22a–c:
d=1,Γ∇d·n,∂Ω(22a)
σ·n=t¯,∂Ωtu=u¯,∂Ωu(22b)
p=p¯,∂Ωp−kμ∇p·n=q¯,∂Ωq(22c)
where ∂Ωu and ∂Ωp represent Dirichlet boundary conditions, while ∂Ωt and ∂Ωq correspond to Neumann boundary conditions, as illustrated in Figure 1. The Dirichlet and Neumann boundaries are related as shown in Equations 23a, b:
∂Ω=∂Ωu∪∂Ωt∂Ωu∩∂Ωt=∅(23a)
∂Ω=∂Ωp∪∂Ωq∂Ωp∩∂Ωq=∅(23b)
[image: Diagram of a circle labeled with sections denoted as ∂Ωᵖ, ∂Ωᵗ, ∂Ωᵘ, ∂Ωᵠ with arrows indicating vectors t, \overline{p}, \overline{u}, and q. Section Γ with segment l₀ is highlighted centrally with dashed lines.]FIGURE 1 | Hydro-mechanical coupling phase-field model for saturated porous geological media.3 NUMERICAL VALIDATION
To verify the accuracy and reliability of the hydro-mechanical phase-field numerical model proposed in this study, a series of numerical examples are presented. These examples investigate the interaction between hydraulically induced fractures and natural pre-existing cracks, with detailed model descriptions provided below.
3.1 Material parameters and boundary conditions
Based on the plane strain assumption, the computational domain is defined as a square region with a side length of L=4.0 m. Two pre-existing cracks, each with a length of a=1.0 m, are symmetrically placed about the x-axis and are orthogonal to each other within the domain. The boundaries of the computational domain are set as fixed and drained, while the effect of in-situ stress is neglected. Hydraulic fracturing is simulated by injecting water at a rate of q=0.01 m2/s within the two pre-existing cracks. The material parameters for the porous geomaterial used in the numerical model are listed in Table 1, with the characteristic length in the phase-field model set to l0=0.06 m and the time step set to Δt=1.0×10−7 s. Based on the finite element method, the computational domain is discretized into 45,846 triangular elements, with a minimum element size of hmin=0.024 m, as illustrated in Figure 2.
TABLE 1 | Simulate parameters required for the calculation process.	Lamé constants (GPa)	Shear modulus (GPa)	Density (kg·m-3)	Critical energy release rate (J/m2)	Porosity	Initial rock permeability (m2)	Fluid viscosity (Pa·s)	Fluid bulk modulus (GPa)	Rock bulk modulus (GPa)	Amplifi-cation factor
	16	16	2,600	25	0.2	1 × 10−11	1 × 10−3	2.2	28.5	1 × 104


[image: Diagram on the left shows a rectangular domain with dimensions labeled as four meters by four meters and divided equally by lines marked at one meter horizontally and one and a half meters vertically, with pressure \( p = 0 \) on all sides. The right diagram displays a finite element mesh with varying triangle sizes, indicating a refined region.]FIGURE 2 | Geometric and boundary conditions, and FE mesh discretization.3.2 Fracture evolution process
Figures 3–5 illustrate the evolution of crack propagation, maximum principal stress, and pore water pressure during the deformation and failure process of fractured porous geomaterials under hydro-mechanical coupling conditions.
[image: Six frames showing a simulation of wave propagation over time at steps 1000, 5000, 10000, 20000, 40000, and 60000. The wave, initially a line, expands and bends symmetrically. A color scale from 0 to 1 represents intensity, with blue as low and red as high.]FIGURE 3 | Crack evolution process under the hydro-mechanical coupling process.[image: Series of five heat map simulations showing the evolution of a process through steps 1000, 5000, 10000, 20000, 40000, and 60000. Each map displays color gradients from blue to red, indicating varying intensity levels, with a color bar on the right representing data values from negative seven point two million to positive thirteen million.]FIGURE 4 | The evolution of maximum principal stress during hydraulic fracturing process.[image: Simulation sequence showing plasma flow around a needle, visualized at steps 1000, 5000, 10000, 20000, 40000, and 60000. Color scale indicates density, ranging from blue (low) to red (high).]FIGURE 5 | The evolution of pore water pressure.In the early stage of hydraulic fracturing (i.e., steps 1,000 to 5,000), the injection fluid pressure initiates crack propagation from the tips of both pre-existing cracks, with cracks extending along their initial orientations. In the intermediate stage of hydraulic fracturing (i.e., steps 10,000 to 20,000), hydraulic fractures continue to extend, but the maximum principal stress at the crack tips becomes concentrated, and mutual interactions between the cracks are observed. At step 10,000, a tendency for the right crack to deflect toward the right is observed, which is attributed to changes in fluid pressure within the left crack. At step 20,000, as the cracks further extend, the degree of deflection in the crack propagation path becomes more pronounced. Additionally, it is observed that the horizontal crack propagates faster on the left side than on the right, as mutual interactions between the two cracks exert pressure on the central region, thereby hindering crack growth.
In the late stage of hydraulic fracturing (i.e., steps 40,000 to 60,000), the two cracks eventually come into contact and connect, with the main crack extension occurring at the vertical crack. Since the expansion of the horizontal crack is essentially complete by this stage, the rate of increase of interaction forces between the two cracks slows down. The deflection effect on the vertical crack also gradually weakens, and its direction gradually aligns with the tangential direction until it reaches the boundary of the square domain. At this point (Step 60,000), the fracture process of the two perpendicular cracks is essentially complete.
In this example of hydro-mechanical fracturing, the primary failure mode is tensile failure. It can be observed that the maximum principal stress consistently drives the fracture at the crack tips. Due to the inherent lag in the diffusion of water pressure, the process of fracture propagation and fluid migration is cyclical, and failure continues until the cracks coalesce. Similar to the results of Yan et al. (2021), the right tip of the horizontal crack intersects the vertical crack, while the left tip extends to the left boundary of the model. Due to the influence of the horizontal crack, the vertical crack deflects to the right and eventually intersects the boundary. Overall, the numerical simulation results are in good agreement, thereby providing a certain degree of validation for the reliability of the proposed numerical modeling approach.
3.3 Convergence control
To further investigate the reliability of the phase-field method presented in this study, four different levels of mesh refinement were applied to the vertical crack model. The characteristic length scale was consistently set to 0.06 m, and convergence was evaluated by controlling the nonlocal ratio l0/hmin. The values of the nonlocal ratio were set to 2.5, 2, 1.5, and 1.25, respectively, as shown in Figure 6.
[image: Four grayscale images show varying patterns of triangular meshes with increasing density from left to right. The images are labeled with decreasing values: \( l_0 / l_{\text{min}} = 1.25 \), \( 1.5 \), \( 2 \), and \( 2.5 \), indicating increased deformation or texture complexity.]FIGURE 6 | Numerical model with different discretized meshes.Considering that the vertical crack tends to deflect under loading, making data collection challenging, the left side of the horizontal crack was selected for data extraction in this study. As shown in Figures 7, 8, data were recorded from the left side of the horizontal crack in the vertical crack model, extracting the crack extension length and the water pressure at the crack tip at each time step.
[image: Line graph showing crack extension length in meters against step count, multiplied by one thousand. Four curves represent different ratios: 1.25 (squares), 1.50 (circles), 2.00 (triangles), and 2.50 (stars). All lines show a linear increase from zero to one meter as steps increase to thirty-five thousand.]FIGURE 7 | Different meshes refine the left extension length increment of the horizontal crack.[image: Graph showing water pressure in megapascals (MPa) versus step count (x10^3) for different l₀/hₘᵢₙ ratios: 1.25 (squares), 1.50 (circles), 2.00 (triangles), and 2.50 (stars). All ratios stabilize around 9 MPa. An inset zooms into the 2,000 to 10,000 step range for detailed viewing.]FIGURE 8 | Trend of pore water pressure at left tip of horizontal crack refined by different meshes.The curves in Figures 7, 8 are closely aligned, with negligible differences in crack extension lengths and overlapping trends in the tip water pressure curves. As the tip water pressure approaches the initial value within the crack, the curves gradually stabilize, demonstrating good convergence. The simulation results are highly consistent across different mesh refinements. Based on these simulations and curve comparisons, it can be concluded that the proposed hydro-mechanical phase-field model exhibits improved accuracy with increasing mesh refinement.
4 HYDRO-MECHANICAL COUPLED UNLOADING EXAMPLE
Current research on hydro-mechanical coupling is primarily focused on simulations of hydraulic fracturing or loading tests under seepage conditions, while studies on hydro-mechanical coupled unloading behavior remain relatively limited. However, there are significant mechanical differences between loading and unloading processes. To investigate the failure mechanisms, variation patterns, and permeability behavior associated with hydro-mechanical coupled unloading, this section presents a study on the failure mechanisms under unloading conditions.
Taking as an example a model with an initial confining pressure of 8 MPa, an initial unloading stress at 80% of the confining pressure, and a water pressure of 2 MPa, the entire simulation process is carried out as follows: First, both the confining pressure and axial pressure are simultaneously increased to 8 MPa. Subsequently, water is injected by maintaining a constant water pressure of 2 MPa at the lower boundary and zero at the upper boundary. The confining pressure is then held constant while the axial pressure is increased to the initial unloading stress level. Finally, the confining pressure is reduced until failure occurs. The other parameters required for the simulation, including those related to rock material properties and hydro-mechanical coupling, are listed in Table 2.
TABLE 2 | Simulate parameters required for the calculation process.	Lamé constants (GPa)	Shear modulus (GPa)	Density (kg·m-3)	Critical energy release
Rate (J/m2)	Porosity	Initial rock permeability (m2)	Fluid viscosity (Pa·s)	Fluid bulk modulus (GPa)	Rock bulk modulus (GPa)	Initial unloading stress (MPa)	Amplifi-cation factor
	3.84	6.64	2,150	1704	0.2	1 × 10−15	1 × 10−3	2.2	36.8	53	1 × 104


4.1 Fracture evolution process
Figures 9–11 illustrate the evolution of the phase-field variable, shear stress, and pore water pressure during the hydro-mechanical coupled failure process of two orthogonal cracks. It can be observed that the development of cracks in the hydro-mechanical unloading model generally follows the loading and unloading sequence imposed at the boundaries.
[image: Sequential simulation images show the fracture progression in a material. Each panel, labeled by step numbers 500 to 64425, depicts changes in intensity and shape, from blue to red, indicating stress development. A color bar on the right represents stress levels from 0.0 (blue) to 1.0 (red).]FIGURE 9 | The evolution of crack growth paths in the rocks.[image: Simulation images showing stress distribution over time steps 500, 10,000, 26,000, 56,500, 63,000, and 64,425. Colors range from blue to red, indicating varying stress levels. A color bar on the right indicates stress values from -5.1e+7 to 2.6e+7.]FIGURE 10 | The evolution of principal stress.[image: Five panels depict the progression of a diffusion process over different steps: 500, 10,000, 26,000, 56,500, and 64,425. Each panel shows a vertical gradient with colors from blue to red, representing values from 0.0 to 2.0e+06 on a scale beside the images. A white bar in each panel indicates the focus area, with visible changes in the surrounding color intensity as steps progress.]FIGURE 11 | The evolution of pore water pressure.During the confining pressure loading stage (Step 0 ∼ Step 10,000), the axial and confining pressures are equal, resulting in a near-zero deviatoric stress. At this stage, the shear stress is relatively low, and the resulting strain energy is insufficient to initiate fractures, so the model remains in a compressed state. Subsequently (Step 10,000 ∼ Step 26,000), the model is subjected to injected pore water pressure, and the initial unloading stress has been applied to 80% of the confining pressure by Step 10,000. In this phase, the axial stress far exceeds the confining pressure, leading to axial compression, a gradual increase in deviatoric stress, and the appearance of localized bright spots in the pre-existing cracks.
During the confining pressure unloading stage (Step 26,000 ∼ Step 64,425), as unloading progresses, the damage zone at the crack tips deepens continuously. When the deviatoric stress reaches its maximum (Step 56,500), significant damage occurs at the cracks, and four potential crack propagation directions emerge in the model. Unloading causes the axial pressure to exceed the confining pressure, leading to an increase in deviatoric stress. This results in the formation of X-shaped zones of maximum shear stress and principal compressive stress radiating from the crack tips. The direction of the maximum principal compressive stress is oriented at approximately 45° to the two sets of conjugate shear planes. Consequently, each crack tip corresponds to two most favorable directions for mixed-mode tensile-shear propagation. With further damage accumulation and cyclic stress degradation, the damage value continues to rise, and the fracture gradually develops in a Z-shaped pattern until complete failure occurs at Step 64,425. At this point, the entire unloading failure simulation is concluded.
In this example of hydro-mechanical coupled unloading failure, the confining pressure remains higher than the water pressure throughout the simulation, and the permeability of the model is relatively low. As a result, the final failure mode is dominated by the propagation and coalescence of mixed-mode (tensile-shear) cracks, with shear stress providing the primary driving energy for fracture. In the final stage of model failure, as the damage increases significantly, extensive degradation of shear stress occurs.
4.2 Investigation of factors influencing fracture evolution
To further explore the hydro-mechanical coupled unloading failure mechanism of fractured rock and investigate the laws governing crack propagation, a series of numerical simulations were conducted using a controlled variable approach. Different levels of water pressure, initial unloading stress, and initial confining pressure were considered, and the deviatoric stress under each condition was recorded using predefined functions. The resulting stress–strain curves are shown below, where the red stars in the figures mark the unloading points.
As illustrated in Figures 12–14, it can be observed that with increasing water pressure, the peak deviatoric stress of the model decreases, indicating that water has a certain deteriorating effect on the rock. As the water pressure increases from 1 MPa to 3 MPa, the peak deviatoric stress decreases from approximately 58.4 MPa–53.9 MPa, and the failure strain also decreases slightly. Higher confining pressure more strongly restrains tensile effects, thereby increasing the proportion of energy provided by shear strain for fracture. When the confining pressure is increased from 6 MPa to 10 MPa, the peak deviatoric stress increases by approximately 26%–63 MPa, and the axial strain simultaneously increases by about 0.05%. In other words, confining pressure promotes the development of shear fractures. The initial unloading stress state also facilitates the development of shear cracks. For every 10% increase in the initial unloading level, the peak strength increases by approximately 5 MPa, and the failure strain also increases slightly. In terms of boundary conditions, a higher initial unloading stress brings the system closer to the deviatoric stress at failure, thus requiring a smaller amount of confining pressure to be unloaded to reach failure.
[image: Graph depicting stress-strain curves with three data series labeled 1 MPa, 2 MPa, and 3 MPa. The curves show two peaks, one between -1% and 0% strain and another near 0.5% strain, with peak stress around 50 MPa.]FIGURE 12 | Stress-strain curve under different water pressure.[image: Graph showing stress-strain curves for three different pressure levels: 6 MPa, 8 MPa, and 10 MPa. The vertical axis represents stress (\(\sigma_1 - \sigma_3\)) in MPa, and the horizontal axis represents strain (\(\epsilon_1\) and \(\epsilon_3\)) in percentage. Each curve peaks and dips symmetrically around zero strain, with markers indicating data points for each pressure level.]FIGURE 13 | Stress-strain curves for different surrounding pressures.[image: A graph shows three curves representing different percentages: 70% (green), 80% (brown), and 90% (red). The x-axis is labeled with strain values, \(\varepsilon_3\) and \(\varepsilon_1\) in percent, ranging from \(-1.5\) to \(1.0\). The y-axis is labeled stress difference, \((\sigma_T - \sigma_3)\), in megapascals, ranging from \(0\) to \(70\). Each curve forms a V shape, peaking and dipping at different stress differences, with red stars indicating specific points on the red curve.]FIGURE 14 | Stress-strain curves at different initial unloading stresses.5 DISCUSSION AND LIMITATIONS
This paper presents a coupled phase-field numerical framework based on Biot’s theory and poroelasticity theory to simulate the failure evolution of fissured rock masses under hydro-mechanical coupling. Under plane strain conditions, the model is validated with permeability tests and hydraulic fracturing numerical examples, and the entire process of unloading-induced fracturing is numerically reproduced.
This study employs a two-dimensional plane strain assumption, which treats the crack as a through-thickness flaw extending infinitely in the out-of-plane direction, thereby neglecting the crack front curvature, through-thickness stress gradients, and the non-uniform distribution of seepage in the z-direction. This simplification may not only overestimate the energy release rate and underestimate the fracture initiation threshold, but also smooths out local pore pressure peaks and permeability evolution, and is unable to fully capture three-dimensional effects such as fan-shaped crack branching, wing crack twisting, and shear slip. Therefore, while the 2D model offers advantages in mechanistic analysis and computational efficiency, its quantitative conclusions (e.g., critical water pressure, crack propagation resistance, and seepage flux) still require correction through thickness corrections, supplementary three-dimensional numerical analysis, or calibration with physical experiments.
Due to the complex multi-physics synergy involved in the actual unloading-seepage process, which includes high pressure, variable confining pressure, and seepage, the experimental apparatus and measurement techniques are highly complex. The conclusions from the unloading numerical example in this paper are of methodological significance, but they still require experimental corroboration at a quantitative level. In future research, we first plan to employ servo-controlled triaxial unloading paths, coupled with high-precision monitoring of pore pressure/seepage and combined observation using digital image correlation (DIC) and Acoustic emission (AE), to capture the real-time evolution of crack propagation and permeability. Subsequently, the evolution laws of parameters such as damage, permeability, and the Biot coefficient will be systematically determined to calibrate and upgrade the phase-field model, particularly concerning crack-tip energy dissipation, the anisotropy of the permeability tensor, and the fluid-solid coupling coefficient. Finally, preliminary tests will be conducted on standard ϕ50 mm sandstone specimens, and the test results will be compared with the numerical simulation results for comparison and cross-validation.
6 CONCLUSION
In this study, a hydro-mechanical coupled phase-field numerical simulation method was developed, and a hydro-mechanical coupled unloading model for fractured rock was established. The following conclusions were drawn:
	(1) The propagation of hydraulic fractures is mainly governed by tensile mechanisms, whereas in the process of hydro-mechanical coupled unloading failure, the propagation and coalescence of mixed-mode (tensile-shear) cracks dominate the final failure mode.
	(2) Water exhibits a deteriorating effect on rock, reducing the peak deviatoric stress required for fracture propagation.
	(3) Both the initial confining pressure and the initial unloading stress state have a restraining effect on tensile failure during the specimen failure process. As either parameter increases, the required peak deviatoric stress also increases.
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