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In mining, tunneling, and other engineering activities, the stability and strength of the surrounding rock system are primarily governed by the dynamic evolution of crack initiation, propagation, and interconnection in the rock material. To investigate the fracture process of sandstone containing an arched roadway under uniaxial compression, yellow sandstone samples with arched roadways were prepared, and their displacement field, strain field evolution, and crack propagation characteristics were revealed using digital image correlation (DIC) technology. The results show that under uniaxial loading, the deformation and failure process of yellow sandstone samples containing arched roadways can be divided into four stages: initial compaction, elastic deformation, plastic deformation, and instability failure, with the peak stress measured at approximately 16 MPa. As the load increases, the displacement and strain fields evolve, and their values gradually increase. Before the load level reaches 70%, the displacement and strain values increase slightly, reaching approximately 0.3 mm and 0.01, respectively. During the accelerated crack growth stage, the displacement and strain values increase rapidly. At 100% load, the maximum displacement and strain values reach 0.4 mm and 0.03, respectively. After brittle failure, the instantaneous displacement and strain can increase to 1 mm and 0.06, respectively. During the loading process, the maximum principal strain of each crack around the arched roadway increases and evolves asynchronously. The strain distribution on the left and right sides of the roadway is significantly greater than that on the upper and lower sides, exhibiting a degree of symmetry. By analyzing the included angle of crack initiation and the horizontal and vertical displacement values at two points on either side of the crack initiation position, the relative displacement in the tangential and normal directions of each crack can be determined. Combined with difference calculations, the tensile and shear properties of the crack, along with the corresponding initiation time and stress, can be quantified. Under uniaxial loading, the cracks in the yellow sandstone samples with arched roadways are predominantly mode I cracks. These research findings provide valuable insights to advance understanding of the mechanical response and crack propagation evolution of surrounding rock in roadway engineering.
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1 INTRODUCTION
With the development of the national economy, population growth, and national security needs, seeking energy and space from the depths of the earth is the only way to solve the basic problems of human resources, energy, and living space. The mining of deep resources and energy (Xie et al., 2015) and the development and utilization of deep underground spaces (such as underground transportation (Zhang et al., 2024), underground in situ laboratories, etc.) are often accompanied by rock dynamic disasters with strong destructive power (Zhang et al., 2023; Pan, 2011), such as rock burst, coal and gas outburst, mining earthquake, and large deformation of surrounding rock in tunnels, which seriously restrict the development of resources and energy and future sustainable development in China. Therefore, deep rock mechanics has become a focus of research both domestically and internationally (Kong B. et al., 2025; Sellers and Klerck, 2000; Kong X. G. et al., 2025; Qian, 2004; Kong et al., 2024a; Diering, 1997; Vogel and Andrast, 2000). Studying the deformation and failure mechanisms of rocks at the macro and micro scales has important practical value and theoretical significance for enhancing people’s understanding of deep engineering geological hazards and taking corresponding prevention and control measures.
Digital image correlation (DIC) is a widely used non-contact optical digital technology for measuring material deformation, first proposed by Peters and Ranson in the 1980s (Zhou et al., 2024). Subsequently, domestic and foreign scholars conducted in-depth research on the surface displacement field and strain field of rock materials during deformation and fracture processes using DIC technology. Kahn-Jetter and Chu (1990) used digital image correlation technology to measure three-dimensional displacement fields, while Wang et al. (1990) used laser speckle interferometry to study the changes in the rock fracture process zone. Mora et al. (1998), Kwan et al. (1999), Chermant et al. (2001), Liu et al. (2024) et al. have conducted research on the application of DIC in the field of civil engineering, analyzing the distribution characteristics of aggregates and crack propagation in concrete. Yu et al. (2006) introduced DIC technology into the RFPA system and established a method for analyzing the failure process of rock microstructure. Nguren et al. (2011) extended digital image recognition to identify discontinuous displacement characteristics during soft rock fracture processes, while Zhang and Jian, 2013, Zhou et al., 2023 applied DIC combined with high-speed photography technology to measure surface deformation characteristics and loading rate effects of rock samples during dynamic loading processes. Zhou et al. (2025a) analyzed the surface displacement field, strain field, and surface deformation energy density of red sandstone under uniaxial compression conditions using DIC technology. Yamaguchi (2012) analyzed the displacement and image speckle distribution characteristics during the deformation process of small-scale samples, Chen et al. (2023a) analyzed the stress intensity factor characteristics of rocks using mathematical speckle techniques, Zhuo et al. (2013) studied the sliding cooperative displacement characteristics of strike slip faults in metastable states using DIC technology, and Ji et al. (2016) obtained the critical deformation field and process zone length of rock fractures through digital images of the sample surface. Kourkoulis et al. (2013), Yu et al. (2019), Xu et al. (2020), Ren et al. (2022) conducted full field DIC experiments on Brazilian splitting and delamination of concrete under different loading boundary conditions, and analyzed the characteristics of full field deformation and local failure. Zhou et al. (2025b), Zhao et al. (2015), Cao et al. (2016), Yin et al. (2020), Kong et al. (2024b), Li et al. (2023) et al. established a quantitative relationship between crack propagation length and damage based on geometric damage theory, and constructed a rock crack propagation damage evolution equation. Zhao et al. (2016) used digital image correlation technology to systematically study the crack propagation law and microscopic damage evolution mechanism of rock like materials containing different pre-set single cracks under uniaxial compression. Chen et al. (2023b) analyzed the deformation characteristics of tunnel surrounding rock based on similar simulated transparent materials. Wang et al. (2021), Fan et al. (2022), Fu et al. (2022) comprehensively used acoustic emission and digital imaging technology to track the entire process of crack propagation in coal samples and granite, and monitored the evolution of crack propagation from acoustic and optical perspectives. Zhao et al. (2021), Zhao et al. (2023) and others conducted dynamic mechanical properties and surface strain field characteristics of fine sandstone under dynamic load and temperature coupling conditions. Huang et al. (2020) constructed a tunnel model with a size of 3 × 2.4 × 0.4 m containing a fault zone, and analyzed the effect of the fault zone on the tunnel using DIC testing technology. Significant strain localization phenomena were observed at the starting position of the fault. Seisuke et al. (2019) analyzed the application requirements of 3D DIC technology in rock failure process, while (Ma et al., 2017) conducted research on the characteristics of fracture strain and displacement field of brittle rocks based on 3D DIC technology.
The above-mentioned research has deepened our understanding of the fracture characteristics of coal rock masses and similar material simulated rock masses under loads (static and dynamic), but it cannot quantitatively determine the stress and type of rock mass crack initiation. Most of these investigations have been limited to descriptions of macroscopic failure patterns or analyses of standard specimens. Notably, there remains a significant research gap in the quantitative study of crack initiation stresses and crack types (such as tensile, shear, or composite) in sandstones containing non-penetrating arched roadways using 2D-DIC technology. Based on this, this paper utilizes 2D-DIC technology to reveal the evolution characteristics of the principal strain of fractures in roadway rock, calculates the initiation stress and type of each fracture through correlation calculations, and analyzes the horizontal displacement and strain evolution process of the rock mass. This can determine the tensile-shear properties of cracks during the sample loading process. The study provides theoretical and experimental foundations for the health monitoring and damage assessment of coal-rock roadways.
2 EXPERIMENTAL SYSTEM AND SCHEME
2.1 Experimental equipment
The experimental equipment used in this study includes two parts: 1) data acquisition system; 2) Loading system (MTS C64.605 hydraulic testing machine). Uniaxial compression tests were conducted in force control mode at a constant loading rate of 500 N/s. This loading rate was selected in accordance with recommendations from the International Society for Rock Mechanics (ISRM) to ensure failure of sandstone specimens typically occurred within 5–10 min. This duration is critical for capturing the complete crack initiation and propagation process using the DIC system, which was configured to acquire data at a rate of one frame per second. The data acquisition system includes: image acquisition equipment (CCD camera), cold light source, and data processing equipment. Refer to Figure 1 for details.
[image: A laboratory setup for testing a specimen includes, from left to right, a cold light source, computer, DIC camera, hydraulic press with specimen speckle surface and specimen backside, and a control desk with its interface displaying data.]FIGURE 1 | Diagram of the experimental system.2D-DIC technology is used to monitor the crack propagation and damage deformation of rock samples, and system calibration is required before failure. The 2D-DIC system utilized a CCD camera with a resolution of 1,200 × 1,600 pixels. The following procedure and parameters were applied: 1) Speckle treatment: A high-contrast, random speckle pattern was created on the sample surface using matte white spray paint as the background and black ink for the speckles. The average speckle size was controlled to be three to five pixels to optimize the digital correlation accuracy; 2) System Setup and Calibration: The image acquisition device was positioned facing the sample surface. System calibration was performed using a 12 × 9 dot calibration target with a dot spacing of 10 mm. The mean calibration residual was less than 0.03 pixels, ensuring precise measurement. Connect the image acquisition device and data processing device, turn on the data acquisition device, and preheat the device for 10 min; 3) Image Acquisition: The CCD camera acquisition frequency was set to one frame/s. Computer software was used to adjust the exposure and perform light source compensation to ensure consistent image quality; 4) DIC Analysis Parameters: The post-processing analysis was conducted using a subset size of 29 pixels and a step size of five pixels. This parameter set provides a good balance between capturing the fine details of the deformation field and maintaining computational stability. After the adjustment is completed, conduct the experiment.
2.2 Samples preparation
In this experiment, uniformly dense yellow sandstone with a uniaxial compressive strength of about 30 MPa was selected as the material. Standard cubic specimens with dimensions of 150 mm × 150 mm × 150 mm were prepared according to the rock mechanics specification. All specimens were stored and tested under natural dry conditions (laboratory environment maintained at approximately 20 °C and 30%–40% relative humidity) to eliminate the influence of moisture content on the mechanical properties.
The arched roadway was machined using a precision diamond wire saw. A low cutting speed and continuous coolant supply were employed throughout the process to prevent thermal cracking and minimize the introduction of micro-fractures along the roadway boundary.
The front surface of the specimen (designated for DIC observation) was then carefully ground and polished to create a flat and uniform surface, which is crucial for ensuring the accuracy of the subsequent DIC measurements.
Finally, a high-contrast, random speckle pattern was applied to this prepared surface using matte white spray paint and black ink for DIC analysis. A semi-through arch-shaped roadway with a width of 50 mm, height of 52.5 mm, and depth of 75 mm was thus created. Refer to Figure 2 and Table 1 for details.
[image: A row of three light brown blocks with rectangular holes, each labeled with a blue-framed sticker, next to a single gray speckled block with a similar hole, placed on a table.]FIGURE 2 | Yellow sandstone specimen drawing.TABLE 1 | Parameters of yellow sandstone specimens.	Specimen No	Size/mm × mm × mm	Uniaxial loading rate/N*S−1	Uniaxial compressive strength/MPa	Average compressive strength/MPa
	1	150 × 148.6 × 149	500	15.68	15.96
	2	151.4 × 151.7 × 150.2	16.17
	3	149 × 148.2 × 149	16.02


2.3 Principles of DIC technique
The principle of DIC is to record speckle images of the specimen surface using a CCD camera and track the gray value changes of pixel points to obtain displacement values based on the assumption of gray value invariance. The gray value invariance assumption states that the gray value of tracked pixel points does not change before and after deformation.
Before performing image correlation calculations, suitable algorithms need to be selected. Most commonly used 2D-DIC algorithms are based on displacement parameters (Meng, 2005), establishing the mapping relationship between pixel points on pre-deformation and post-deformation images. The displacement (u, v) of a pixel point (x, y) on the pre-deformation image corresponds to the point (x', y') on the post-deformation image, where x' = x + u (Formula 1) and y' = y + v (Formula 2). After establishing the mapping relationship, a correlation formula is selected to calculate the correlation coefficient of a subregion between pre-deformation and post-deformation images. The subregion with the highest correlation coefficient is considered the best match, and displacement and other deformation quantities can be obtained, as shown in Figure 3.
x′=x+ux,y(1)
y′=y+vx,y(2)
[image: Two diagrams compare a reference image and a target image. The left shows a grid with an arrow labeled "0 (X, Y)" pointing diagonally within a subregion of the reference image. The right diagram shows a similar grid for the target image with arrows labeled "u" and "v" extending to "0' (X', Y')", indicating transformation or movement between the subregions. Both images have X and Y axes labeled.]FIGURE 3 | DIC capture image schematic.3 ANALYSIS OF TEST RESULTS
3.1 Stress-strain curve of the specimen under loading
Taking the No. 2 yellow sandstone specimen as an example, analyzing the typical stress-strain comparison relationship of rock specimens under uniaxial compressive loading conditions is shown in Figure 4, and the deformation and destruction process of the specimen is mainly divided into four stages:
	Initial compaction stage Ⅰ (horizontal stress 0–15%): the stress of the specimen at this stage rises slowly with the increase of strain, and the yellow sandstone specimen rises more slowly than the white sandstone specimen, which indicates that the applied prestress makes the original crack in the specimen compacted and closed, and the strain increases rapidly, and the stress-strain curve shows an up-concave type, and the surface of the yellow sandstone specimen is more fragile, and its strain increases more rapidly.
	Linear elasticity stage Ⅱ (15%–70% of the peak stress): stress increases linearly with strain, and strain rate accelerates. During this stage, some micro-fractures are generated, see Figure 4, accompanied by the closure of original cracks, leading to a steady increase in strain.
	Plastic deformation stage Ⅲ (horizontal stress 70%–100%): in this stage, the specimen micro-fracture develops rapidly, and a large number of cracks converge into macroscopic cracks. The accelerated accumulation of strain increases the degree of damage to the rock sample and produces irreversible damage internally. The peak stress of yellow sandstone is about 16 MPa.
	Post-peak failure stage IV: In this stage, the stress drops abruptly, and the bearing capacity is greatly reduced. Internal cracks propagate rapidly and interconnect, forming a macroscopic rupture surface and leading to the final failure of the specimen.

[image: Graph showing stress-strain relationship with four segments labeled I to IV. Red data points (a to f) mark key stress changes. Insets display microstructural images at points b, c, e, f, illustrating deformation. Stress is measured in megapascals and strain in units of ten to the power of negative three.]FIGURE 4 | Stress-strain relationship curve of yellow sandstone specimen.3.2 Digital image correlation analysis
Combined with the characteristics of the stress-strain curves of the specimens, the pictures were selected with the loading stage as a reference, corresponding to the full-field displacement and strain clouds along the X-direction (perpendicular to the loading direction) at the six points a, b, c, d, e, and f in Figure 4, respectively.
Figure 5 shows the full-field displacement cloud diagram in X direction (vertical load direction) under different load levels, and the displacement to the right side of the crack is positive, and to the left side is negative. It shows that on the left side of the roadway, the specimen surface is peeled off along the damage points ③ and ⑤, and on the right side of the roadway, the specimen surface is peeled off along the damage points ② and ④, and the absolute value of the full-field displacement gradually increases with the increase of the load. Before the load level is 70%, the displacement increases relatively insignificantly, with a maximum displacement of about 0.3 mm, and then, in the stage of accelerated crack expansion, the displacement increases rapidly, with a maximum displacement of 0.4 mm at the load level of 100%, which can even increase to 1 mm instantaneously after brittle damage.
[image: Six contour plots illustrate stress states at a rectangular region with a semicircular void. Labels: (a) densification, (b) linear elasticity, (c) plasticity, (d) plasticity, (e) peak, (f) after failure. Each graph has distinct contour levels and marked failure points. Scales show displacement in millimeters.]FIGURE 5 | Full-field displacement cloud of X direction (vertical load direction) at different load levels.In the compaction stage, the specimen is under the action of load, the internal gap of the rock specimen is continuously compacted, the displacement field of the specimen is increasing and tends to be stabilized, and the displacement field shows obvious changes, see the displacement cloud diagram corresponding to the point a in Figure 5. During the linear elastic stage, the internal stress of the specimen accumulates under loading. Stress concentration occurs in the surrounding rock of the roadway, leading to a significant increase in displacement. Damage points ① and ② appear, where cracks initiate and develop. Macro-deformation begins to emerge in the later part of this stage, which corresponds to the displacement cloud image at point b in Figure 5. During the plastic stage, the roadway undergoes gradual damage. Cracks initiated in the surrounding rock, particularly at the roof, continue to propagate, ultimately leading to the collapse of the roadway. Concurrently, distinct strain concentration bands become visible on all sides (left, right, top, and bottom) of the roadway. These bands progressively localize (become more refined and intense), eventually giving rise to obvious macroscopic cracks on the rock surface. The surface of the rock produced obvious macrocracks along the damage points ①,②, ③, ④ to form four macrocracks, the model surface appears to develop cracks and the phenomenon of block detachment, the maximum displacement at this time reached 0.4 mm, but the rock body still maintains the integrity of the stage corresponds to the displacement field cloud diagrams corresponding to the points c, d in Figure 5. In the post-damage stage, the roadway model has been completely damaged, the surface blocks collapsed, and the surrounding rock of the sandstone roadway is seriously destabilized. Moreover, new cracks are formed along the damage point ⑤, and the maximum displacement reaches 1 mm, which corresponds to the displacement field cloud image of point f in Figure 5.
Figure 6 shows the full-field strain cloud in the x-direction (vertical loading direction) under different loading levels, and the displacement of the crack is positive to the right and negative to the left. It shows that the strain change along the x-direction of the specimen gradually increases with the increase of loading time. Before the loading level is 70%, the strain increases relatively insignificantly with a maximum strain of about 0.01, after that, in the accelerated crack expansion stage, the strain increases rapidly, reaching a maximum value of 0.03 at the 100% load level at the loading level of 100%, and it can even increase to 0.06 instantaneously after brittle damage.
[image: Six contour plots showing stress distribution around a structure under different conditions: (a) densification, (b) linear elasticity, (c) plasticity, (d) plasticity, (e) peak stress, (f) after failure. Each plot uses a color gradient from blue (low stress) to red (high stress).]FIGURE 6 | Full-field strain cloud in the X direction (vertical load direction) at different load levels.As the load increases, the stress within the specimen rises and energy accumulates. When the stress reaches the cracking threshold, the evolution of local strain becomes highly pronounced. Subsequently, cracks within the specimen propagate rapidly, leading to macroscopic deformation. In the plastic phase, the specimen channel is damaged, and the cracks in the channel perimeter rock continue to expand, and cracks are formed along the cracks at the damage points, and this phase corresponds to the strain field cloud diagrams corresponding to points c and d in Figure 6. The strain gathering near the crack at the peak stress is obvious, and the peripheral rock at the top of the roadway collapses in a large area, and the strain value reaches 0.03, and this stage corresponds to the strain field cloud diagram corresponding to point e in Figure 6. In the post-peak stage, the specimen is basically completely damaged, the surrounding rock of the roadway is seriously destabilized, and the strain reaches about 0.06, and this stage corresponds to the strain field cloud diagram corresponding to point f in Figure 6.
4 ANALYSIS OF CRACK PROPAGATION CHARACTERISTICS BASED ON DIC
In general, the damage evolution process of rocks is often described in terms of crack propagation characteristics. The evolution of principal strains of individual cracks captured using 2D-DIC technology can be used to depict the mechanism of rock damage evolution.
4.1 Evolving characteristics of principal strains in crack propagation
Through the principal strains in cracks, the stage characteristics of apparent crack initiation, development, and propagation in rocks can be reflected. This study monitored the dynamic evolution process of principal strains on the surface of rock specimens under uniaxial compression conditions using DIC technology. Cracks in the process of initiation and propagation cause localized strain accumulation, which differs significantly from other regions of uniform deformation, referred to as strain jump points. Using MatchID-2D software, the strain values at local strain concentration points were statistically analyzed across a two-dimensional spatial distribution. For each crack, multiple analysis points were uniformly selected along its path. The maximum principal strain data at each point were extracted, and the average value of the maximum principal strain corresponding to multiple points at each loading time was taken as the maximum principal strain of the entire crack. There were a total of five main cracks in the rock specimen, as shown in Figure 7, and the evolution process of principal strains in these cracks is illustrated in Figure 8.
[image: Four grayscale images show different deformation stages of a material under stress: linear elastic, plastic, peak, and post-failure stages. Each stage has elliptical contours indicating deformation regions around a central black object.]FIGURE 7 | Crack distribution of rock samples under different loads.[image: Graph showing maximum principal strain of multiple cracks over time, with time on the x-axis (0 to 1400 seconds) and strain on the left y-axis (0 to 0.4). The stress in megapascals is shown on the right y-axis (0 to 25). Different colored lines represent five cracks and stress. An inset highlights changes between 400 and 1400 seconds. The stress line is red and increases steeply after 1200 seconds.]FIGURE 8 | Evolution characteristics of maximum principal strain of cracks.To clearly describe the evolution process of the maximum principal strain in cracks, it can be roughly divided into three stages. In the first stage, the change in the maximum principal strain of the crack is very small, and the curve is approximately horizontal, indicating that the development of surface cracks in the sandstone sample is not significant. This stage roughly corresponds to the compaction stage and the linear elastic deformation stage in the classic rock mechanics curve. At this stage, crack 1, crack 3, and crack 4 show a noticeable increase in the maximum principal strain, with the corresponding time points at around 610s, 170s, and 240s, respectively.
In the second stage, the principal strain in the crack shows a slow accelerating trend. DIC technology captures the initiation and slow expansion of microcracks on the surface of the rock sample that are difficult to identify with the naked eye. The rock mass remains partially intact, corresponding to the plastic deformation stage in the stress-strain curve. The reason for this phenomenon is that certain parts of the rock mass have lower strength, and microcracks appear first. As the specimen is loaded, the internal cracks continue to expand, gradually forming through-cracks and ruptured surfaces. Visible cracks begin to appear on the surface of the specimen. At this stage, there is a significant increase in the maximum principal strain of crack 2, with the corresponding time point at around 810s. In the third stage, the principal strain in the cracks exhibits an accelerating growth with an increasing acceleration. The apparent cracks on the rock sample show accelerated extension and expansion. Macroscopic cracks form and continue to propagate until the rock sample experiences unstable failure. This is because the coal body has essentially lost its load-bearing capacity, leading to failure and extension into the rock mass. At around 1365s, there is a sudden increase in the maximum principal strain of cracks 1, 2, 4, and 5. It is worth noting that crack three experiences a significant decrease in the maximum principal strain during peak stress. This is due to the expansion of cracks one and two during the failure of the rock sample, causing compression closure of crack 3, as shown in Figure 8. There is a significant difference in the strain distribution between the upper/lower sides and the left/right sides of the cavity. The maximum principal strain at the top and bottom of the cavity is typically below 0.005, which is much smaller than that on the sidewalls. For instance, at peak stress, the average maximum principal strain for cracks on the left side (Crack 1 and 4) reached approx. 0.019, while those on the right side (Crack 2 and 5) reached approx. 0.018. The close agreement in these values quantitatively demonstrates a near-symmetric strain state prior to ultimate failure. Therefore, DIC technology can effectively monitor the initiation and extension trends of cracks, which is of great significance for assessing the stability of rocks.
4.2 Crack initiation stress and classification
In previous studies, strain gauges were typically attached to the surface of the specimen to study the fracture process. However, due to the uncertainty in the initiation position and angle of cracks, this method is complex during experimental preparation, making it difficult to determine the bonding position of the strain gauges prior to the experiment. In contrast, Digital Image Correlation (DIC) analysis can overcome these issues. Using 2D-DIC technology, multiple monitoring points P and their symmetrical points P′ are selected on both sides of each crack initiation position on the speckle surface of the rock specimen. The displacement values of these monitoring points along the vertical and horizontal directions of the specimen are obtained. By using Equations 3–6, the relative displacements of P and P′ along the normal and tangential directions of the crack are obtained. The contrasting analysis of dn and dγ allows for the determination of the crack type (Liu et al., 2021), as shown in Figure 9.
dnp=dxp⁡cos⁡α+dyp⁡sin⁡α(3)
dτp=−dxp⁡sin⁡α+dyp⁡cos⁡α(4)
dnp′=dxp′⁡cos⁡α+dyp′⁡sin⁡α(5)
dτp′=−dxp′⁡sin⁡α+dyp′⁡cos⁡α(6)
[image: Diagram showing a rectangular body with five labeled cracks: crack1 at the top, crack2 left of crack1, crack3 inside, crack4 bottom left, and crack5 bottom right. Adjacent is a vector analysis with points P and P', each with directional vectors labeled \(d_x^P\), \(d_y^P\), \(d_n^P\), \(d_T^P\) for P, and \(d_x^{P'}\), \(d_y^{P'}\), \(d_n^{P'}\), \(d_T^{P'}\) for P'.]FIGURE 9 | Schematic diagram of crack angle.In the above equations, dnP and dτP represent the relative displacements of monitoring point P along the normal and tangential directions of the crack, respectively. dnP' and dτP' represent the relative displacements of monitoring point P′ along the normal and tangential directions of the crack, respectively. dxP and dyP represent the relative displacements of monitoring point P along the horizontal and vertical directions of the specimen obtained through digital image correlation (DIC) processing. Similarly, dxP' and dyP' represent the relative displacements of monitoring point P′ along the horizontal and vertical directions of the specimen obtained through DIC processing. α represents the angle between the local coordinate system of the crack and the global coordinate system. The local coordinate system of the crack consists of two directions: along the normal and tangential directions of the crack. The global coordinate system consists of the vertical and horizontal directions of the specimen, as shown in Figure 9.
Based on the assumption of fracture mechanics, the behavior of cracks initiated under complex stress conditions can be studied by superimposing three basic crack tip deformation modes (Scavia, 1995): Mode I (opening mode), Mode II (sliding mode), and Mode III (tearing mode). Due to the difficulty of implementing DIC (Digital Image Correlation) technique for Mode III cracks, they are not considered in this study. The criterion for Mode I identification is as follows: When the tensile stress perpendicular to the crack surface exceeds the material strength, a Mode I crack is formed. The top and bottom surfaces of the crack will open, indicating that the normal relative displacement (dn^p') is greater than 0, while the tangential relative displacement is 0. However, achieving zero tangential relative displacement is difficult in practice. Therefore, when the normal relative displacement is much larger than the tangential relative displacement (i.e., (dnp′−dnp≫dτp−dτp), it can be determined as a Mode I crack. The criterion for Mode II identification is as follows: When the applied normal or shear stress on the crack surface is zero, the two surfaces will remain in contact, resulting in an approximate zero normal relative displacement. At the same time, shear stress will cause sliding between the upper and lower surfaces of the crack, leading to a positive tangential relative displacement. However, achieving zero normal relative displacement is difficult in practice. Therefore, when the tangential relative displacement is much larger than the normal relative displacement (i.e., {dτp−dτp′≫dnp′−dnp}), it can be determined as a Mode II crack, as shown in Figure 10.
[image: Diagram showing two panels. The left panel illustrates vectors labeled \(dP_n'\) and \(dP_{\tau}'\) originating from point \(P'\) with directions \(n\) and \(\tau\). The right panel shows vectors \(dP_n\) and \(dP_{\tau}\) originating from point \(P\) with the same directional labels. Arrows indicate direction and transformations.]FIGURE 10 | Type I crack and type II crack deformation mode in fracture mechanics theory.Specific analysis: The approximate initiation time of the first crack can be determined as 610 s, and the corresponding stress value at that time is 9.62 MPa. Therefore, the initiation stress of this crack is 9.62 MPa, as indicated by the star symbol in Figure 11. By analyzing the relationship between the changes in normal direction and tangential direction relative displacements (dn, dτ) at the crack initiation position, it can be observed that both the displacement difference dn and dτ vary. The relative displacement dn is much larger than dτ, indicating that sliding deformation along the shear direction of the crack is the main driving factor for crack initiation. Therefore, it can be determined that the crack initiation type is Mode I, and the corresponding relative displacement dn is 0.0244 mm. The second crack can be approximately determined to have initiated at 810 s. At this time, both the normal and tangential displacements show changes, indicating an initiation stress of 11.23 MPa. Since the normal relative displacement and tangential relative displacement of the crack increase almost simultaneously, it indicates that both opening deformation in the normal direction and sliding deformation in the tangential direction of the crack occur simultaneously. Therefore, it can be determined that the crack initiation type is a mixed Mode I/II crack, with a corresponding relative displacement dn of 0.0244 mm. The third crack can be approximately determined to have initiated at 170 s. At this time, the normal relative displacement has undergone significant changes, corresponding to an initiation stress of 3.94 MPa. The corresponding relative displacement dn at this time is 0.0178 mm. When the specimen is loaded to 280 s, the tangential displacement undergoes significant changes. Since the normal relative displacement of this crack is much larger than the tangential relative displacement, it indicates that opening deformation in the normal direction dominates. Therefore, this crack can be determined as a mixed Mode I crack. The fourth crack can be approximately determined to have initiated at 240 s, corresponding to an initiation stress of 5.29 MPa. Since the normal relative displacement and tangential relative displacement of this crack increase almost simultaneously, it can be determined as a mixed Mode I/II crack, with a corresponding dn of 0.0186 mm. The fifth crack can be approximately determined to have initiated at 1,365 s, with an initiation stress of 15.97 MPa. Similar to the second and fourth cracks, it is considered a mixed Mode I/II crack, with a corresponding dn of 0.0152 mm. Therefore, it can be concluded that in the case of uniaxial loading on the sandstone arch roadway, the cracks are mainly Mode I cracks and mixed Mode I/II cracks, with crack initiation occurring when the relative displacement dn reaches approximately 0.02 mm.
[image: Graphs display changes in normal and tangential displacements of cracks over time. Each graph shows red and blue data points representing displacement alongside stress curves. Insets provide detailed views of specific time intervals. Each crack is labeled, showcasing varying displacement patterns.]FIGURE 11 | Displacement values of different crack normal and tangential directions. (a) Change value of normal and tangential displacement of crack 1. (b) Change value of normal and tangential displacement of crack 2. (c) Change value of normal and tangential displacement of crack 3. (d) Change value of normal and tangential displacement of crack 4. (e) Change value of normal and tangential displacement of crack 5.5 CONCLUSION
This study uses DIC technology to experimentally investigate the macro- and micro-scale stress-strain characteristics during the uniaxial compression failure process of yellow sandstone containing arched tunnels. The variation patterns of strain and displacement fields at different stress stages, as well as the evolution of crack propagation, are analyzed. The crack propagation mechanism of yellow sandstone specimens containing arched tunnels under uniaxial compression is elucidated.
	1. The failure process of the sandstone specimen with an arched roadway is delineated into four distinct stages: initial compaction, linear elasticity, plastic deformation, and instability failure. More importantly, the quantitative analysis reveals that the accelerated crack growth stage (plastic deformation) commences at approximately 70% of the peak stress. This critical stress threshold provides a valuable indicator for early warning of surrounding rock instability in practical engineering.
	2. The evolution of displacement and strain fields, captured by DIC, demonstrates that significant deformation localization occurs prior to macroscopic cracking. This finding underscores the capability of full-field measurement techniques like DIC to identify potential failure zones that are not yet visible, offering a proactive approach for stability assessment beyond traditional monitoring methods.
	3. Using the DIC technique, the strain evolution process of each crack during loading is derived. The results show that quantitative comparison at peak stress shows that the maximum principal strain on the left side and the right side reached highly comparable magnitudes, with a relative difference of only about 5%. The strain distributions on the left and right sides of the roadway are significantly larger than those on the upper and lower sides, exhibiting a certain symmetry.
	4. The relative tangential and normal displacements of each crack are obtained by determining the crack initiation angle and the horizontal and vertical displacements at two points on either side of the crack initiation position. Combined with difference calculations, these values are used to derive the shear properties of the cracks and their corresponding initiation times and stresses. Under uniaxial loading, the cracks in yellow sandstone specimens containing arched roadways are primarily Mode I and mixed Mode I/II cracks. Cracking initiates when the relative displacement dn reaches approximately 0.02 mm. This quantitative parameter can serve as a potential micro-mechanical criterion for predicting the onset of damage in similar geological materials.
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