 Supplementary Materials
(1) SEM-Maps image classification
Table1 Parameters of first order histogram
	Feature parameter
	Expression
	Explanation

	Entropy
	

	Represents the clustering characteristics of image grayscale values

	Average
	

	Reflects the brightness of the image



Table 2 Parameters of gray co-occurrence matrix
	Feature parameter
	Expression
	Explanation

	Contrast
	

	Reflects the degree of variation in pixel grayscale levels in the image

	Correlation
	

	Reflects the linear correlation of pixel grayscale levels in the image

	Angular Second Moment
	

	Reflects the uniformity of grayscale distribution and the coarseness of texture in the image

	Homogeneity
	

	Measures the similarity of grayscale levels between adjacent pixels in an image



The statistical analysis methods for image features based on first‑order statistics and the gray‑level co‑occurrence matrix (GLCM) are shown in Table 1 and Table 2, respectively. These methods can reveal regularities in textural attributes of the sample data. The entropy values shown in Fig 1(a) are mainly distributed between 6.0 and 7.5 and exhibit an approximately normal distribution, indicating a moderate textural complexity of the images. In Fig 1(b), the mean gray level is highly concentrated in the range of 150 to 170, with a peak frequency close to 35%, reflecting a stable overall brightness and a uniform dominant gray‑scale distribution. Regarding texture structure, the contrast in Fig 1(c) concentrates between 0.4 and 0.5, showing moderate local gray‑level differences. The correlation in Fig 1(d) exhibits an extremely high concentration in the range of 0.9 to 1.0, with a peak near 50%, indicating a very strong linear correlation between adjacent pixels and thus a smooth and continuous image structure. The homogeneity in Fig 1(e) lies between 0.75 and 0.85, further suggesting gradual local gray‑level variations. The energy (second moment) in Fig 1(f) is mainly distributed between 0.1 and 0.2, with a peak exceeding 35%, indicating a relatively concentrated gray‑level distribution and a high degree of repeatability and stability in the texture patterns. In summary, the SEM‑Maps image dataset exhibits moderate complexity, high structural correlation, uniform texture, and relatively stable grayscale characteristics, making it well distinguishable.


[bookmark: _Hlk229085233]Fig 1 Features of images
The Silhouette Coefficient is a metric used to determine the optimal number of clusters by evaluating the cohesion and separation of the clustering results. Ideally, samples within a cluster should be as compact as possible, while samples from different clusters should be as far apart as possible. The Silhouette Coefficient simultaneously considers intra-cluster cohesion and inter-cluster separation to assess the quality of the clustering. Its values range from -1 to 1: values close to 1 indicate well-defined clusters, values near 0 suggest overlapping clusters, and values close to -1 indicate incorrect clustering. The Elbow Method determines the optimal number of clusters by analyzing the rate of decrease in the Sum of Squared Errors (SSE). In this method, the SSE for different numbers of clusters is plotted as a curve. The "elbow"—the point where the rate of decrease sharply changes and the curve begins to flatten—is identified as the optimal number of clusters. Fig 2 illustrates the Silhouette Coefficients and SSE values for different numbers of clusters (K). By integrating these two evaluation metrics, the optimal number of clusters was determined to be 4.


Fig 2 Determination of optimal clustering number:(a) Silhouette Coefficient, (b) Elbow Method

(2) Validation of analytical solutions for fluid-solid coupling damage
To verify the reliability of the proposed model for fluid-solid damage evolution, the numerical results obtained in this study are quantitatively compared with the analytical solution for damage zone propagation controlled by fracture toughness. The variation of the damage zone half-length with water injection time is given by the analytical expression as follows [1]:

		
where l is the damage half-length; q is the injection rate; E' is the plane strain elastic modulus, given by ; K_IC is the fracture toughness, given by ; and t is time.
As shown in Fig 3(a), the validation model uses a square computational domain of 100 m × 100 m, with the injection well located at the center. The left boundary is constrained in the y-direction displacement, and the bottom boundary is constrained in the x-direction displacement. The minimum horizontal principal stress σh = 46 MPa is applied on the top boundary, and the maximum horizontal principal stress σH = 90 MPa is applied on the right boundary. The seepage boundary condition is such that the pressure on all four sides is p0 = 31 MPa, and the initial pore pressure is also set to p0. The material parameters are as follows: Young's modulus 40 GPa, Poisson's ratio 0.25, and rock tensile strength 12 MPa. Water is injected into the injection well at a constant rate of 10⁻⁴ m²/s. During water injection, the damage zone gradually propagates outward along both sides in the direction of the maximum horizontal principal stress. The damage half-lengths at different times are extracted and quantitatively compared with the analytical solution. Fig 3(b) shows excellent agreement between the two, indicating that the present model can accurately capture the propagation rate of the damage zone.
[image: ]
Fig 3 Quantitative validation of the fluid-solid coupling damage model: (a) Schematic diagram of the numerical model, (b) Comparison between the analytical solution and the numerical solution.
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