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Energy evolution process of rock deformation is conducive to essentially reveal the rock failure mechanism and is of great significance to uncover the breeding of dynamic disasters in rock engineering. To characterize the damage evolution of energy dissipation during rock failure, the digital image correlation (DIC) technique is proposed to describe the rock failure mechanics and its energy evolution process. The uniaxial compression experiment of sandstone specimen was carried out, and the whole field deformation and failure characteristics of the rock had been captured by the DIC system. Measurement accuracy was verified by the fiber Bragg grating (FBG) sensor, the elastic region of the specimen was divided according to the location of strain localization band (SLB), and the evolution process of elastic strain energy of the rock was analyzed. The results show that the time history development of rock strain obtained by the FBG and DIC system matches identically, and the deviation of peak axial strain of both means is less than 5%, which verifies the applicability of DIC system. The uncoordinated evolution of rock deformation displacement field is discussed to reveal the crack development and failure form of the sandstone specimen under uniaxial compression. The energy evolution of the elastic region of the specimen is revealed, and the development of releasable elastic strain energy would be divided into three stages, which correspond to the stress–strain characteristics of rock failure mechanics. This study could provide an alternative analytical method for the experimental rock mechanics research studies.
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INTRODUCTION
The deformation and failure of rocks is an energy dissipation and irreversible process. The rock mass subjected to external force not only causes the change in rock stress and strain state but also leads to the change in rock damage state. Correctly understanding and describing the energy evolution in the process of rock deformation and failure has important scientific and practical significance for in-depth understanding of the damage, fracture, instability, and failure of rock materials, and the occurrence mechanism of rock engineering disasters (Mikhalyuk and Zakharov, 1997; Steffler et al., 2003; Sujatha and Kishen, 2003; Song et al., 2012).
In recent years, the energy analysis method has been used to describe the rock mechanics behaviors including deformation, broken, creeping, and permeation. Xie et al. (2005), Xie et al. (2009), and Feng et al. (2021) studied the internal relationship between energy dissipation, release and rock failure in the process of rock deformation and failure, and proposed rock strength and overall failure criteria based on the energy theory. On this basis, Zhang and Gao (2012) and Zhang and Gao (2012) analyzed different energy conversion mechanisms in the process of rock uniaxial compression, and established a self-inhibitory evolution model of energy conversion of loaded rock. Afterward, the evolution characteristics of energy dissipation, friction energy dissipation, and breakage energy dissipation were studied to show that the energy dissipation ratio shows a spoon shape characteristic (Miao et al., 2021). The jointed sandstone with different dip angles under uniaxial compression finds out that the energy evolution process is divided into five stages, and total elastic strain energy at the peak point of jointed sandstone exhibit asymmetrical “U” type evolution characteristics with the increase of dip angles of joint (Wang et al., 2020). The sandstone energy evolution behavior under the unconfined compressive condition revealed that the interface friction between fatigue damage and cracks will produce plastic deformation (Liu et al., 2020). The internal energy parameters of rock specimens during tensile failure were obtained to analyze the law of energy storage and consumption (Gong et al., 2018). Jiang et al. collected acoustic emission parameters during uniaxial compression of shale and analyzed the criticality of energy release during load fracture of brittle rock (Jiang et al., 2016). Zhao studied the energy variation law of rocks under different confining pressures and different unloading paths (Zhao et al., 2015). Song discussed the energy dissipation characteristics of the coal and rock in the process of uniaxial compression from the perspective of energy by using geophysical methods (Song et al., 2015).
Due to the complexity of rock deformation, different technical means were used to explore the principle of energy dissipation law during the rock deformation. Some emerging optical testing technologies, such as fiber Bragg grating (FBG) sensing technology and digital image correlation (DIC) technology, have also been applied to explore the precursor information of deformation and instability of rock mass materials (Chai et al., 2015; Chai et al., 2016; Wang et al., 2018). Simultaneously, tests in uniaxial compression of rocks with FBG sensor, MTS system, and laser strain gauge have shown that the sensor has high accuracy in rock strain measurement (Hatenberger et al., 2003). The stability and accuracy of resistance strain gauge and FBG sensor in rock uniaxial cyclic loading and unloading test were compared (Yang et al., 2007), and the damage evolution process of rocks during uniaxial compression by prefabricating speckles on the surface of the standard specimen was described (Ma et al., 2006).
The evolution of deformation field on the specimen surface during rock loading is measured by DIC technology, the non-uniform deformation process of rock materials is analyzed, and the parameters such as the width of localized zone are described quantitatively (Huang et al., 1990; Berthaud et al., 1997; Feng et al., 2021). Nowadays, the DIC method is widely being used in this type of research studies: insights by using DIC analysis into surface deformation of free-standing granite prisms with water continuously infiltrating from the upper surface for over 24 h under ambient laboratory environmental conditions were presented (Li et al., 2021). Pre-cracked specimen compression test was carried out by using DIC system, and the crack initiation and propagation of rocks with pre-existing cracks were discussed (Xi et al., 2020). The failure mechanism of the tunnel in soft rock subjected to surcharge loading with the DIC measurement, which revealed that the stress loosening zone in the tunnel roof is larger than that in the tunnel sidewall, was investigated (Huang et al., 2020). Evolutions of displacement strain fields and non-linear and localized deformation of the specimen are obtained by the 3D-DIC system (Seisuke et al., 2019). The measurement accuracy of 3D DIC by comparing with the traditional extensometer measurement results and the finite element simulation results was verified (Chen et al., 2017).
As an advanced non-destructive monitoring method, the DIC method is widely used in the field of rock mechanics because of its advantages of non-contact testing, low cost, high precision, and full field observation. So far, focusing on how to use that mean to characterize the failure process and energy evolution could be a vital link to evaluate the geohazard development, and it would create a bridge between energy dissipation and the broken law of rock mass. In this study, the DIC technology is utilized to capture the full field strain distribution so as to explore the rock failure from the perspective of energy evolution.
METHODS AND MATERIALS
Experiment Setup
The uniaxial compression test is implemented, which includes the MTS electronic servo universal testing machine, GOM ARMIS three-dimensional digital speckle full field strain measurement system, and FBG strain acquisition system. MTS electronic servo universal test machine can carry out single-axis compression, stretching, shearing, splitting, and other tests of materials. The largest range is 50 KN, and the loading methods are displacement, strain, and force control. The FBG strain acquisition system consists of FBG sensor and optical demodulator. The GOM ARMIS 3D digital speckle full field strain measurement system is composed of two stable blue light sources, two 5-million-pixel CCD industrial cameras, a calibration system and a core software system (Figure 1).
[image: Figure 1]FIGURE 1 | Measurement system of uniaxial loading experiment.
Measurement Principle of Digital Image Correlation Technology
The DIC technology has been widely used because of its advantages of non-contact acquisition of full field strain and displacement data. It solves the displacement field and strain field data of the measured object by comparing the reference image and the deformed image, calculating the matching degree between the deformed point P(X0, Y0) in the reference image and the square near the deformed image P′(X0′, Y0′), determining the displacement components ux and uy of the point P(X0, Y0) in the X and Y directions, and substituting in Eq. 2 to calculate the displacement of the deformed point P(X0, Y0) (Pan et al., 2006; Satoru et al., 2016). The basic principle can be illustrated in Figure 2, where P(X, Y) is the gray intensity of the reference image target subset, and P′(X′, Y′) is the gray intensity of the deformed image target subset.
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According to Eq.3, the sub-pixel gray value of any position in any sub-set of the deformed image can be calculated, and the gray value of any point in the deformed image can be obtained (Pan et al., 2006).
[image: image]
The displacement calculated by Eq. 2 is taken as the initial value and substituted in Eq. 4 for iterative calculation. When the (uk+1-uk) is less than the threshold value, the displacement with an accuracy of 0.001 pixels and displacement gradient can be obtained.
[image: image]
where ∇ is the partial differential operator, ui is the number i component of displacement vector of u, uk is the number k iteration of displacement vector value of u, (uk+1−uk) is a correction value, and ∇C(uk) and ∇∇C(uk) are the Jacobian matrix and Hessian matrix, respectively.
[image: Figure 2]FIGURE 2 | Basic principle of DIC.
The determination of subset size is related to speckle size, and it is generally believed that each subset should contain at least 3–5 speckles to improve the matching degree. The subset spacing has a direct influence on the number of speckle field data points. The smaller the subset spacing, the longer the calculation time, and the higher the strain field resolution. In this study, each black speckle has 5 pixels, so that the subset size is determined as 19 pixels with a subset spacing of 16 pixels to meet the requirement of measuring accuracy.
Preparation of Rock Specimen and Experiment Procedure
In order to summarize the damage energy evolution law of sandstone-like materials during uniaxial compression, three kinds of sandstone specimens were prepared with quartz sand, iron powder, barite powder, gypsum, and alcohol resin solution under different forming pressures. Quartz sand was used as the aggregate, iron powder and barite powder were used to improve the bulk density of materials, and resin and gypsum were used as the cementing agent and regulator, respectively. The material was weighed with a high-precision electronic balance, fully mixed, loaded into the mold, loaded to the design forming pressure at a speed of 50 N/s on the universal testing machine, and stabilized for 5 min. Finally, according to the standard for test methods of engineering rock mass (GBT 50266-2013), a cylindrical standard specimen with a height of 100 mm and a diameter of 50 mm is made (Figure 3). Table 1 shows the mechanical parameters of rock specimens and on-site sandstone.
[image: Figure 3]FIGURE 3 | Rock specimen preparation.
TABLE 1 | Proportion and mechanical parameters of the specimen.
[image: Table 1]In order to verify the accuracy of DIC system test results, S1 rock specimen was taken as an example, two groups of FBG sensors were pasted to the axial center line of the specimen, the position of the installation area was adjusted, and an appropriate amount of glue was applied along the axial direction of the FBG (Figure 4). In order to avoid large light loss of optical fiber at both ends of the specimen, about 1 cm should be reserved for the optical fiber at both ends of the specimen. After the FBG sensor was pasted, the surface of the specimen was sprayed with white primer. After the primer was dry, black speckles were made.
[image: Figure 4]FIGURE 4 | Layout of DIC and FBG measurement.
The size of speckles in this test is 0.24–0.4 mm, and the speckle density is 50%. Before the uniaxial compression test, the fabricated specimen should be placed in the center of the pressure plate of the testing machine, and the bending and breaking of the FBG should be avoided during the placement process. The height of the tripod was adjusted so that the height of the camera is consistent with that of the specimen. The included angle and aperture of the camera was adjusted to make the specimen clear in the picture, and the focal lengths of the two cameras were made as consistent as possible. After the adjustment was completed, the test system was connected. At the beginning of the measurement, in order to ensure the synchronization of data acquisition of MTS, DIC, and FBG systems, the data acquisition frequency was set to 2 Hz.
The end face flatness of the specimen should be checked before the uniaxial compression test, which means the two end surfaces of the specimen should be polished with 0# sandpaper to ensure the flatness of the specimen conforms to the rock mechanics test specifications. Afterward, both the end surfaces are smeared with Vaseline to reduce the friction between the specimen and the loading head. Finally, the test chooses the displacement control principle with a loading speed of 1 mm/min.
FAILURE CHARACTERISTICS OF ROCK SPECIMEN
Comparative Analysis of Digital Image Correlation and Fiber Bragg Grating Measurement
The strain results of DIC 1 and DIC 2 in Figure 5 were extracted by DIC measurement data dealing with the least square regression method (LSR). The detailed operation is that the LSR method is used to obtain the strain distribution through the differential approximation function based on the local displacement region of the specimen. Assuming that the strain is uniform in the local area, the displacement can be expressed as a plane area, so that Eq. 1 can be obtained according to the LSR method.
[image: image]
Furthermore, the local strain can be calculated by differentiating Eq. 1
[image: image]
where u is the displacement; ε and γ are the strains; x, y, and z are the positions; and a, b, and c are the coefficients of spline function. By repeating the aforementioned process for the displacement of the observed area, the strain distribution of the whole field can be obtained. When the strain calculation window gets larger, the obtained strain data will be smoother.
[image: Figure 5]FIGURE 5 | Comparison of strain distribution measured by DIC and FBG.
Two measuring lines DIC1 and DIC2 were set exactly the same as the FBG sensor in the DIC system (Figure 5), and the axial strain of the specimen measured by the FBG sensor and the DIC system was compared and analyzed.
As shown in Figure 4, in order to facilitate the analysis, the curve is divided into three sections: A, B, and C. In AB section, the strain data of FBG1 and FBG2 are smooth and consistent; the strain value of DIC1 fluctuates slightly, but the trend is consistent with that of FBG1. The large fluctuation of DIC2 data is mainly due to the small strain at the initial stage of specimen loading and the influence of noise on the DIC system. From point B, the strain of FBG1 and FBG2 increases rapidly with time and increases approximately linearly. It reaches the peak strain at point C. The strain measured by FBG2 is significantly greater than that of FBG1. This difference is mainly caused by the uncoordinated deformation of the specimen during uniaxial compression. At this stage, the strain curves of DIC1 and DIC2 are very close to those of FBG1 and FBG2, and the peak strains measured by DIC1 and FBG1 are 1712 με and 1644 με, respectively. The relative deviation is 3.9%, and the peak strains measured by DIC2 and FBG2 are 2190 [image: image]and 2152 με, respectively. The relative deviation was 1.7%. The trend of strain data measured by the DIC system is consistent with the FBG sensor, and the deviation of peak strain is less than 4%, which proves that DIC has high measurement accuracy and good stability. At the same time, compared with the FBG sensor, the DIC system has the advantages of non-contact and simple operation. Therefore, the DIC measurement results are verified and proved to be feasible to analyze the energy evolution of the rock specimen under the uniaxial compression test.
Stress–Strain Analysis of Uniaxial Compression Test
The typical stress–strain curve of specimen S1–S3 and the actual state of specimen at points O, A, B, C, and D during deformation and failure are illustrated in Figure 6.
[image: Figure 6]FIGURE 6 | Stress–strain curve of uniaxial compression.
The original open cracks and micropores in the OA section specimen gradually close with the increase of stress, forming an early non-linear deformation stage, and the curve is concave as a whole. The specimen of the AC section changes from elastic deformation to elastic–plastic stage, where the specimen has an elastic deformation stage after compaction. After point B, the microcracks in the specimen begin to sprout and develop stably. The unstable microcracks in the specimen of the CD section develop rapidly after point C, and gradually form open cracks visible to the naked eye. After point D, the specimen is damaged and the stress decreases gradually.
The uniaxial compressive strength of specimens S1, S2, and S3 is about 2 MPa. The stress increases gradually with the increase of strain. After reaching the peak value, the stress decreases rapidly. It has obvious brittleness characteristics and is similar to field sandstone, indicating that the prepared rock material has good mechanic performance, which can be analyzed further.
Deformation Process Analysis
Five key points O, A, B, C, and D in the S1 stress–strain curve of the specimen are selected to analyze the displacement and strain evolution process of the specimen in the process of uniaxial compression. According to the radial displacement evolution process of specimen S1 in Table 2, in the compaction section OA, the radial displacement of the specimen as a whole is evenly distributed, and the specimen is uniformly deformed. With the increase of load, at point B, the upper end of the specimen moves left and right inconsistently, showing a trend of small left and large right. The specimen of the BC section enters the non-linear deformation stage. When it reaches point C, the upper end of the specimen moves left and right inconsistently, showing a trend of accelerated development. With the further increase of load, the radial displacement of the specimen in the CD section continues to increase. At point D, there is a significant difference between the left and right displacement of the upper end face of the specimen. There is a large displacement difference between the blue–green junction and the red–green junction, and there are two obvious displacement mutation bands (DMB). Compared with the actual photos of the specimen, it can be found that the position of the displacement sudden change zone is the same as that of the macrocrack in the final failure of the specimen. Therefore, the evolution diagram of radial displacement can clearly reflect that the specimen begins to have non-uniform deformation in the radial direction from point B. Two obvious abrupt bands of radial displacement show that the upper end of the specimen is obviously subjected to tension, which leads to macrocracks and final failure.
TABLE 2 | Displacement and strain development of rock specimen S1.
[image: Table 2]According to the evolution process of S1 axial displacement in Table 2, the axial displacement field of the specimen in the OA section is evenly distributed, the specimen in the AB section gradually enters the linear elastic stage, and the axial displacement field increases uniformly. In the displacement field of point B, there is an uneven phenomenon that the axial displacement on the right side of the specimen is greater than that on the left side, entering the non-linear deformation stage. The axial displacement of the BC section specimen continues to increase, showing the phenomenon of small at the lower left and large at the upper right. The deformation of the specimen in the CD section accelerates, and the upper end of the specimen moves to D, showing a zoning phenomenon of small on the left and large on the right. The shear action of the specimen decreases gradually from top to bottom and from right to left.
Therefore, the axial displacement evolution diagram can clearly reflect that the axial displacement at the right end of the specimen is large, and shear cracks are generated along the junction of the red and orange areas, which is consistent with the development of S1 crack of the specimen. The crack development of the specimen can be predicted by the evolution of the axial displacement field.
Based on the evolution process of S1 principal strain in Table 2, small strain localization band (SLB) appears on the surface of the specimen in OA and AB sections, and the SLB are relatively dispersed. In the BC section, each SLB is gradually connected to form a larger band. At point D, two obvious SLBs have been formed in the upper part of the specimen. The deformation of the CD section specimen and the SLB accelerates. Two SLBs are formed at the upper end of the specimen, which gradually become wider and longer, and the SLB at the other positions are gradually connected into a network and staggered distribution. At point D, two obvious SLBs have been formed, and the strain concentration of the right SLB at the upper end is greater than that of the left.
ANALYSIS OF ENERGY EVOLUTION CHARACTERISTICS
Analysis Method of Releasable Elastic Strain Energy
Uniaxial compression deformation of specimens is a process of strain accumulation and release failure accompanied by energy evolution. Based on the analysis of the energy evolution theory, the full field strain and displacement data are obtained by DIC technology, and the failure of the specimen is explored from the perspective of energy. There is a clear SLB in the deformation process of the specimen.
According to the position of SLB, the study area of specimen S1–S3 is divided, and the medium in this area basically remains in an elastic state (Pan et al., 2002). The primary and secondary strain values of each area of the specimen are extracted, and the evolution process of the elastic strain energy that can be released from the surface area during the deformation of the specimen is calculated from Eq. 7 (Song et al., 2012).
[image: image]
where Ue is the releasable elastic strain energy; E and ν are the elasticity modulus and Poisson ratio, respectively; and ε1 and ε2 are the main strains of the rock specimen.
Analysis of Elastic Strain Energy Evolution
Elastic Strain Energy Evolution of S1 Specimen
The principle of elastic area dividing is based on the development of SLB during loading. The elastic area is determined by the SLB of the specimen. The strain in the SLB has the largest strain distribution, and will first enter into plastic deformation, that is, the deformation in this region is much larger than other positions of the specimen. Therefore, the elastic region can be divided by marking the place outside the strain localization zone.
As a result, the energy analysis area is divided according to the position of SLB during loading, and the specimen S1 is divided into three elastic areas (Figure 7). The average principal strain values in two directions of each area during loading are extracted, and the elastic strain energy of each area is calculated. Specimen S1 is taken as an example, and the same five key points O, A, B, C, and D on the stress–strain curve are selected for analysis (Figure 8) also the elastic strain energy density in different specimen region are shown in Table 3.
TABLE 3 | Elastic strain energy density in different specimen regions (kJ/m3).
[image: Table 3][image: Figure 7]FIGURE 7 | Region division of rock specimen.
[image: Figure 8]FIGURE 8 | Elastic strain energy evolution of S1 specimen.
In the OA section, the micropore and crack gradually compacted section, with a maximum axial stress of 0.21σc. The main strain in the three regions is small, most of the input energy is dissipated, and the elastic strain energy accumulation gets to be stable. The elastic strain energy densities in regions 1–3 are 0.278, 1.012, and 0.253 kJ/m3, respectively.
In the AB section, the linear elastic deformation section, the maximum axial stress is 0.65σc. The main strain on the surface of the specimen is sporadically distributed, and most of the input energy is transformed into elastic strain energy. The elastic strain energy in three regions increases steadily, and the elastic strain energy densities in regions 1–3 are 0.670, 1.996, and 0.630 kJ/m3, respectively.
In the BC section, the elastoplastic deformation section, the maximum axial stress is 0.93σc. The main strain concentration areas on the specimen surface are connected with each other, the SLB becomes clear from fuzzy, the elastic strain energy continues to increase, the elastic strain energy at local positions reaches the surface energy, the elastic strain energy is released, and the strain concentration phenomenon occurs. The elastic strain energy densities in areas 1–3 are 1.655, 3.227, and 1.062 kJ/m3, respectively.
In the CD section, in the plastic deformation stage, the axial stress reaches the peak, the main strain concentration becomes higher and higher, and the SLB is staggered. With the continuous input of energy, the elastic strain energy in the three regions accelerates to accumulate, the number of unit rock mass at the localization band that reaches the surface energy is more and more, the damage evolution of the specimen is accelerated, and the damage is more and more serious. The elastic strain energy densities in areas 1–3 are 7.982, 12.873, and 8.284 kJ/m3, respectively. It is found that in the same stage, there is a certain difference in the strain concentration and elastic strain energy accumulation in regions 1–3, which is mainly caused by the uneven deformation in the process of uniaxial compression deformation.
Through the aforementioned analysis, the evolution process of strain energy in the elastic region before the load reaches the peak is divided into three stages:
1) OA section can release elastic strain energy in a stable stage. At this stage, most of the energy input by the specimen is dissipated, the releasable elastic strain energy absorbed in the unit rock mass is less, and the releasable strain energy is in a stable state.
2) AC section can release the linear growth stage of elastic strain energy. With the continuous increase of load, the elastic strain energy of unit rock mass is in the stable growth stage, and the releasable strain energy in the specimen continues to grow. The elastic strain energy of some unit rock mass reaches the surface energy, and the elastic strain energy is released, resulting in strain concentration, but the concentration degree is small, and the specimen is damaged.
3) CD section can release elastic strain energy and accelerate the growth stage. With the continuous input of energy, the releasable strain energy of unit rock mass continues to accumulate, the number of unit rock mass reaching the surface energy is more and more, the damage evolution of the specimen is accelerated, and the damage is more and more serious. When the maximum load point D is reached, the number of releasable strain energy of single rock mass in the strain concentration area of unit rock mass in areas 1–3 increases sharply, and the elastic strain energy release shows an obvious SLB.
Elastic Strain Energy Evolution of S2 and S3 Specimen
The strain data extracted based on DIC technology and the theory of releasable strain energy can better describe the damage process of the specimen. Next, the evolution process of releasable strain energy during uniaxial compression of S2 and S3 is briefly analyzed by using the analysis method of S1. The division of the area outside the SLB of S2 and S3 at the peak stress is shown in Table 2.
Before reaching the peak load, the evolution trend of the releasable elastic strain energy in each region of S2 and S3 is similar to that of S1 (Figures 9, 10). The evolution process of the releasable elastic strain energy in each region of S2 and S3 can also be divided into three stages: stable stage OA, linear growth stage AC, and accelerated growth stage CD.
[image: Figure 9]FIGURE 9 | Elastic strain energy evolution of S2 specimen.
[image: Figure 10]FIGURE 10 | Elastic strain energy evolution of S3 specimen.
In the stable stage of releasable elastic strain energy OA, the S2 and S3 are in the compaction stage as a whole, the defects are gradually compacted, most of the input energy is dissipated, and only a small part is stored in a very small amount of unit rock mass as releasable strain energy. The overall stored energy of this stage is low, and the releasable elastic strain energy in each area is less than 2 kJ/m3.
In the AC section of the linear growth stage of the releasable strain energy, S2 and S3 gradually enter the elastic deformation stage. Most of the input energy is transformed into releasable elasticity energy that stored in the unit rock mass, and its energy value is less than which of the surface energy, which has little impact on the apparent strain, and the damage of the is small and occurs in the interior of the.
In the accelerated growth stage of releasable strain energy CD, S2 and S3 transition to elastic–plastic deformation, and the input energy continues to be transformed into releasable elastic strain energy. At this time, the releasable elastic strain energy in unit rock mass accumulates more, the releasable strain energy of some unit rock mass reaches surface energy, the damage evolves from interior to surface, and there is an obvious SLB on the surface.
Based on the global strain data obtained by DIC, the damage evolution process of specimens S1, S2, and S3 is analyzed to describe the damage process from the perspective of energy. Before reaching the peak load, the evolution process of releasable elastic strain energy can be divided into three stages: stable stage, linear growth stage, and accelerated growth stage.
CONCLUSION

1) The axial strain of the sandstone rock specimen measured by the FBG sensor and DIC system is compared. The strain–time curves of specimens measured by DIC and FBG sensors are consistent, and the relative deviation of peak strain is less than 5%, which verifies the accuracy and applicability of the DIC system.
2) The non-conforming deformation evolution process of radial and axial displacement fields during uniaxial compression of S1 is analyzed. It shows that the evolution analysis of the displacement field can predict the development of crack and deformation failure form of S1.
3) The evolution of radial displacement shows that the specimen begins to have non-uniform deformation from point B. Two obvious abrupt bands of radial displacement show that the upper end of the specimen is obviously subjected to tension, which leads to macrocracks and final failure.
4) Based on DIC full field test and rock energy theory, the energy evolution process of the elastic region in the process of uniaxial compression is revealed. From the perspective of elastic strain energy density evolution, there are three stages: elastic strain energy stability stage, elastic strain energy linear growth stage, and elastic strain energy accelerated growth stage. It corresponds to the compaction stage, elastic–plastic deformation stage, and unstable fracture stage of the specimen.
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