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[bookmark: OLE_LINK33][bookmark: OLE_LINK34][bookmark: OLE_LINK42][bookmark: OLE_LINK43]Abstract: To study the mechanism and process characteristics of self-healing of salt rock damage, the shear test was used to conduct initial damage to the samples. Then, the experiment of self-healing recovery damaged salt rock is designed. Computed Tomography (CT) tests, Scanning Electron Microscope (SEM) tests and theoretical analyses have been performed to study the characteristics of recovery of the damage salt rock during self-healing. The experimental results showed that the crack of the damaged salt rock have a good healing effect after short-term (such as 7 days) immersion in saturated brine. But in this healing process, brine has two mechanisms of action. When the soaking time is less than the threshold, the mechanism of brine action is softening, which leads to the decrease of recovery rate of the salt rock. However, while the soaking time exceeds the threshold, the mechanism of brine action is healing and recovery.
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1. Introduction
[bookmark: _Hlk72778270][bookmark: _Hlk73200682][bookmark: _Hlk73200731][bookmark: _Hlk73200761][bookmark: _Hlk73200778]Energy plays an important role in economic development, because it is an important factor guiding economic activities.1 Over the past two decades, due to the excessive use of fossil energy (especially the massive consumption of coal resources), a large amount of carbon dioxide was emitted, which caused a large amount of pollution to the environment and led to more and more serious global warming.2-4 However, the development of economy will depend on the existence of industry, which needs more energy consumption. To achieve this goal, it is necessary to reduce carbon emissions by increasing the use of renewable energy.5
[bookmark: _Hlk73200810][bookmark: _Hlk73200824][bookmark: _Hlk73200852][bookmark: _Hlk72856694][bookmark: OLE_LINK22][bookmark: OLE_LINK23]In recent years, China has largely increased the use of clean energy,6 such as hydrogen energy, wind energy, and solar energy.7 Since 2010, China has surpassed the United States to become the largest wind and solar energy market in the world.9 However, the low utilization efficiency of wind energy and solar energy in China will lead to unpredictability of power generation and reduce the control ability of power grid.8 Compressed air energy storage (CAES) can be used to solve grid problems caused by intermittent power generation and is one of the large-scale energy storage technologies that make renewable energy stable and reliable. CAES is an approach in which excess power is used to compress air, which is then conventionally stored in an underground storage cavern during low-cost off-peak load periods.10 During peak load periods, compressed air converts the stored energy into electric energy to supply power to the grid. It is used to adjust the imbalance caused by insufficient utilization of wind or solar energy.
[bookmark: OLE_LINK14]Salt rock has the characteristics of low permeability, low porosity, damage self-healing and water solubility, and is often mined by drilling water solution.11-13 The cavern formed after salt rock water solution mining has good stability and airtightness, and is widely used as storage space for oil, natural gas, compressed air, hydrogen, CO2 and radioactive wastes disposal.14, 15 Using salt caverns as compressed air energy storage (CAES) can not only adapt to changes of storage pressure, but also realize the rational allocation of resources and a balanced and orderly energy supply. The use of salt caverns for compressed air energy storage (CAES) has passed the national technical demonstration in some regions (Such as Jintan in Jiangsu Province in Chinese) and has been applied in practice. A sketch of compressed air energy storage cavern in bedded salt formations is shown in Figure 1.
[image: ]
FIGURE 1 Sketch of compressed air energy storage power station using an underground salt cavern
[bookmark: OLE_LINK10][bookmark: OLE_LINK12]After the construction of a mined repository in a rock salt formation, the salt surrounding the openings will be mechanically, hydraulically and geochemically altered, which will cause the stress redistribution in the surrounding rock around salt cavern, induced fracturing, blasting induced damage, and desaturation, etc.,16 forming a narrow zone of damaged, permeable rock salt known as the excavation damaged or disturbed zone (EDZ).17 Schematic diagram of excavation disturbance area of salt cavern in layered salt rock is shown in Figure 2. Macro- and micro-fracturing, and in general a redistribution of in situ stresses and rearrangement of rock structures, will occur in this zone, resulting in drastic changes of permeability to flow, mainly through the fractures and cracks induced by excavation,18,19 which triggers a series of disasters such as reservoir instability and oil and gas leakage. For a typical CAES system, air tightness is the most important standard, so the permeability of the salt rock is the main factor to be considered in the project. On the other hand, the salt rock can improve the internal structure of the damaged salt rock around the cave through the self-healing effect of the damaged cave wall around it, thus healing and recovering from the EDZ cracks. However, self-healing can impel the fracture of damaged rock salt, and thus improving the mechanical properties and permeability of damaged rock salt inside the cavern.20, 21 In the so-called disturbed rock zone adjacent to most excavations in bedded rock salt, the permeability is dramatically increased.22, 23 In the disturbed rock zone, permeability changes are dominated by the creation of new pore structure (i.e. damage) due in part to deviatoric stresses, and are largely irrecoverable upon unloading.24 The permanent permeability reduction is referred to as "healing" and has been attributed to plastic flow along grain boundaries by Sutherland and Cave.22, 25 Since crack healing in salt will play a key role in determining the evolution of permeability in the EDZ in rock salt repositories, a better understanding of the processes involved is needed.17 Especially in the evaluation of the tightness and stability of the salt caverns in operation, it is of great significance to understand the evolution process of the self-healing microstructure of the damaged salt rock. 
[bookmark: _Hlk73541890][image: ]
FIGURE 2 Sketch of salt cavern excavation disturbance zone in bedded rock salt
[bookmark: OLE_LINK8]In the past few decades, some scholars have made widely conducted wide research on the self-healing and damage of salt rock as follows. Chan et al.26 found that the damage form of salt rock creep is usually micro-cracks, and these micro-cracks will self-heal and recover under the combined action of sufficiently high pressure and temperature. Chan and Munson27 built the constitutive model for coupled creep, damage, and healing in rock salt formulated by considering individual mechanisms that include dislocation creep, shear damage, tensile damage, and damage healing. Studies have shown that healing processes are governed by mechanical closure, compaction creep, and interfacial-energy-driven processes like pressure solution and recrystallization. A suitable quantity of water and level of temperature can promote crack healing.28 With the rapid development of micro and nano structural characterisation techniques, many scholars have combined microscopic observation techniques with traditional macroscopic tests to reveal the macroscopic physical and mechanical properties of salt rocks from a microscopic perspective. Zhou et al.29 used CT scanning to reveal the internal pore structure of layered salt rocks and their connectivity status, and to explain the reasons for the very low permeability nature of salt rocks. Liu et al.30 found that the formation of cracks within salt rocks is due to a combination of fine structural properties of the grain interface and stress. Houben et al.17 used Newton's rings with microscopy to observe the movement of the crack tip under diffusion effects and determined the self-healing rate from the tip towards the crack. From the microscopic point of view, the self-healing process of damaged rock salt is the recrystallization of rock salt crystals. The basic processes involved in recrystallization are the migration of existing grain boundaries and the formation of new high-angle grain boundaries.31 From the two aspects of damage and healing, the above contents reveal the salt rock damage caused by cavity excavation in different states and the self-healing and recovery characteristics of damage to salt rock during the operation of salt cavern storage. Salt rock is widely studied because of its very low permeability and ability to seal energy materials, and, unlike the macro-scale, salt rock microstructure plays a unique role in understanding the healing mechanism of salt rock damage.
[bookmark: _Hlk73197290]At present, the buried depth of most rock salt storages in China is about 1000 m. After the salt cavern is dissolved, the surrounding rock will produce shear stress under the action of local stress field. In this paper, the shear load was applied to create the initial damage under the conditions of angular mode compression shear test, compression shear test before and after shear damage to salt rock and short-term self-healing recovery test by constant temperature brine immersion, and microscopic observation and analysis of the self-healing macroscopic structure evolution process of the damaged salt rock by CT and SEM test methods, summarized the macroscopic and microscopic structure evolution characteristics of the damaged salt rock in the short-term and the mechanical properties after healing, and established the damage healing recovery model of healing time and recovery relationship of salt rock. It is of certain significance and value to know the recovery of cracks on the envelope surface of EDZ salt cave during the construction of salt cavern.

2. Experiment Materials and methods
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]In the experimental scheme, the damaged salt rock is taken as the research object. First, the mechanical properties of the damaged salt rock after short-term healing are analyzed from a macro perspective, and then it is placed in a constant temperature saturated brine for self-healing recovery. Finally, through CT and SEM microscopic testing technology, the microscopic characteristics of damaged salt rock healing are quantitatively analyzed, and the evolution characteristics of damaged parts (such as pores and cracks) in the short-term healing process of salt rock are studied from a microscopic perspective. The overall test process (in Figure 3) and test procedures are as follows:

[bookmark: _Hlk73541907][image: ]
FIGURE 3 shows the flowchart of the experimental procedure for clarification

2.1 Sample preparation
The material for this test was taken from a high purity natural salt rock from a salt mine in the Pakistan area. The NaCl content of the salt rock is upwards of 96%, the colour is basically uniform and there are no obvious cracks on the surface of the samples. In order to reduce the dispersion errors caused by the experimental results, samples with the same color, density and appearance were selected and conducted with cuboid samples (50 mm × 50 mm × 50 mm). The flatness of the sample surface is controlled within 0.02 mm, the two ends of the samples are strictly parallel, and the adjacent two surfaces are perpendicular to each other, with a deviation not exceeding 0.25%. The samples are shown in Figure 5(a).
[bookmark: OLE_LINK20][bookmark: OLE_LINK21]2.2 Making the initial damage
[bookmark: OLE_LINK2][bookmark: OLE_LINK7]The test is carried out in the salt rock conventional mechanics test system developed by the National Key Laboratory of Coal Mine Disaster Dynamics and Control of Chongqing University, which is mainly composed of servo hydraulic station, computer measurement and control system, host, etc., and with variable angle shear die to realize shear test, schematic diagram of shear test as shown in Figure 4. Using the salt rock shear test system to apply shear load to the salt rock test piece near the peak (No obvious peak) , about 20 to 25MPa (axial load is about 70~88 kN) , resulting in shear damage to create initial damage, shear angle of 45°, loading process using displacement control loading, loading rate of 0.5mm/min. The test environment is kept at room temperature, and the test pieces before and after the test are shown in Figure 5.

[bookmark: _Hlk73541921][image: ]
[bookmark: OLE_LINK6]FIGURE 4 Schematic diagram of shear test
[bookmark: _Hlk73541936]           
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FIGURE 5 Photographs of (a) original materials (50×50×50 mm3) and (b) samples after initial shear test.

2.3 Healing process
[bookmark: _Hlk72868337]After the initial damage, the samples were put into constant temperature saturated brine for healing and recovery. The actual temperature measured in the gas storage chamber of the Jintan gas storage in Jiangsu Province in Chinese was taken as standard, and the brine temperature was set at 50°C, and recovery times was 0, 1, 3, 5 and 7 day respectively. The sample numbers are as follows: S1-H0, S2-H1, S3-H3, S4-H5, S5-H7, where S5-H7 (2) and S6 (2) are the second test numbers after the sample has been recovered from the treatment. After the soaking was completed, the samples were placed in an oven at 80°C for 48h to recover from the treatment and the detailed test plan scheme was shown in Table 1.

TABLE 1 Schematic design of the self-healing test of damaged rock salts
	Sample No.1
	Test number
	Healing time/d
	Testing conditions
(Making the initial damage)
	Initial damage
	Healing conditions

	S1-H0#
	1
	0
	

constant
room temperature

	Shear test;
Shear angle: 45o;
Rate of shear: 
0.5 mm/min.
	Saturated brine;
Thermostatic waterbath: 50 oC.

	S2-H1
	2
	1
	
	
	

	S3-H3
	3
	3
	
	
	

	S4-H5
	5
	5
	
	
	

	S5-H7*
	7
	7
	
	
	

	S6*
	
	-
	
	
	-


Notes: The first number refers to test sequence, and the second number refers to healing day; # This deformed salt was stored in lab under constant room temperature and humidity. * The two test sequences include second shear test in comparison with the first shear test.

2.4 Microscopic observation: CT/SEM
2.4.1 CT
The initial state (before the initial injury), post-injury state and self-healing state of salt rock samples are fully scanned by CT imaging technology, and the internal structural damage is detected, which reveals the process of the salt rock structure evolution from the original to the injury and then to healing. After scanning, the original CT image is binarized by MATLAB software, and the initial damage and residual damage are calculated quantitatively. In order to show the internal injuries and cracks of the sample more clearly, CT image are used to binarize the damaged area before and after healing.
2.4.2 SEM
First of all, a small representative salt rock sample is removed from the target salt sample after healing recovery, in order to facilitate the surface appearance of the sample observation, the drying sample surface can be sprayed gold treatment, prevent charging effect to improve the clarity and accuracy of observation. In order to observe the surface morphology of the sample, gold can be sprayed on the dried sample surface to prevent the charging effect and improve the clarity and accuracy of the observation. 
3. Experimental Results and Analysis
3.1 Analysis of mechanical properties of self-healing salt rock
In order to better compare the self-healing recovery of salt rock at different times in the short-term, 6 groups of tests were divided into 6 groups according to the different recovery time. Perform variable-angle shear test for each group of samples according to the test plan. The calculation formula of variable angle shear test is as follows: 
                           (1)
                           (2)
[bookmark: _Hlk93076474][bookmark: _Hlk93076485][bookmark: _Hlk93076495][bookmark: _Hlk93076509][bookmark: _Hlk93076517][bookmark: _Hlk93076530][bookmark: _Hlk93076538][bookmark: _Hlk93076550]Where  is the axial load,  is the shear failure area of the sample,  is the angle between the shear plane and the horizontal plane, and  is the roller friction factor. 
The shear stress-strain (τ-ε) curves of initial damage to each group of salt rock samples is shown in Figure 6(a), from which it can be seen that all the samples have entered the plastic deformation stage. Except for S2-H1 samples, the shear stress-strain (τ-ε) curves of each group of samples are basically consistent, but the shear strength of S2-H1 samples is slightly lower than that of the other groups of samples, which is due to the discreteness differences of each sample. This may be due to different inherent defects(for example natural misalignment, pores, etc)，more dislocations of atoms move and extend in the same direction, resulting in more relative slippage between crystals.32
[bookmark: _Hlk73541961]
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FIGURE 6 Shear stress-strain curves of (a) initial damage and (b) comparison between first and second shear test

The S5-H7 samples were initially applied a shear load to near the peak and then unloaded and placed in a saturated brine thermostatic water bath at 50°C for self-healing recovery for 7 days before being loaded a second time; The control group S6 sample (salt rock damage but no healing recovery) applied a shear load to near the peak, about 25 MPa, unloaded and then performed a second shear test. For clearer comparison, the shear stress-strain (τ-ε) curves of the two test results were plotted within a single graph, as shown in Figure 6(b). As can be seen from Figure 6 (b), the shear stress-strain (τ-ε) curve of the initial loading of S5-H7 and S6 samples is basically consistent, which avoids the difference in shear strength caused by discrete effects of S6 test pieces in the control group. After loading, the S6 sample shows obvious strain hardening phenomenon again, which is due to the fact that during the initial loading process, the salt and rock atoms are squeezed intensively under external stresses (combined action of normal stress and shear stress), and after reaching the elastic bearing limit, the internal grain dislocations pile up on each other, which leads to the increase in dislocation density, thus accumulating a lot of strain energy, so that the material's internal resistance to external deformation of the ability to enhance.33-35 In the absence of water without healing conditions, the salt rock exhibits significant strain hardening, the maximum load that the salt rock can withstand in its elastic range increases in the second shear test, while the plastic deformation to which it is subjected decreases, the resistance to deformation is enhanced and the modulus of elasticity increases. The strain hardening of the salt rock after loading has influence on the analysis of the mechanical parameters, but the healing effect occurring in salt rock after the loaded sample is placed for a certain time is harmful to the analysis of healing and recovery research. By loading salt rock samples and then loading them under non-healing conditions, the mechanical properties of salt rock after self-healing and recovery can be effectively compared.
After the damaged salt rock is soaked in salt water, the internal grains dissolve, migrate and grow, which changes from a disordered structure to an orderly arrangement and is in a dynamic adjustment state. The grain structure and potential in salt rock are constantly adjusting, increased, connecting and healing, and the atoms in the dense areas are gradually transferred to sparse parts to restore their natural balance. However, at this time, the healing time is short, and the internal injury has not completely healed and recovered, so the shear strength and elastic modulus of the S5-H7 samples decreased significantly when it was loaded for the second time after the healing recovery. This suggests two competing relationships for the healing recovery of damaged salt rock in saturated brine: 1. The mechanical strength of the salt rock is increased by the initial damage, mainly in terms of strain hardening; 2. The brine can soften salt rocks to a certain extent, and its softening effect is greater than the strength recovery.
To sum up, damaged salt rock in the absence of water without healing conditions, will produce strain hardening phenomenon, that is, the salt rock in the same strain to produce more stress, the material's resistance to deformation increased, the elastic modulus becomes larger; The strength of damaged salt rock increased under the condition of water healing, but the softening effect of brine on salt rock was greater than the strength recovery, which caused the test part after self-healing recovery to change from strain hardening after injury to strain softening.
3.2 Quantitative analysis of the relationship between crack healing and time during the self-healing
Figure 7 is a schematic diagram of CT scanning slices of rock salt samples. In order to compare the structural characteristics before and after the healing, the CT slice position is selected at the same position (i.e. shear damage area) after the initial injury and healing of the sample. CT images can reflect the difference in material density through CT numbers.36 Different CT numbers represent different gray values. In order to analyse the development and extension of cracks on the surface of the salt rock in a more visual way, the images of the cracks on the surface of the salt rock were binarised into digital images. In which "1" represents white, representing the salt rock matrix, and "0" represents black, representing cracks and fissures. As shown in Figure 9, matrix grains, cracks and pores, as well as shear zones near damaged salt rock samples can be easily identified.

[bookmark: _Hlk73541975][image: ]
FIGURE 7 Schematic diagram of CT scan slice section of salt rock sample

[bookmark: OLE_LINK3]Rabotnov (1969) .37 redefined the damage variable based on the change of micro-damage region. In this paper, the damage value is quantified by counting the number of "1" and "0" pixels in the salt rock area. The damage value are calculated by the following formula：
              (3)
[bookmark: _Hlk93076570][bookmark: _Hlk93076580][bookmark: _Hlk93076588][bookmark: _Hlk93076598][bookmark: _Hlk93076615][bookmark: _Hlk93076630][bookmark: _Hlk93076639][bookmark: _Hlk93076649][bookmark: _Hlk93076658][bookmark: _Hlk93076669][bookmark: _Hlk93076678][bookmark: _Hlk93076688][bookmark: _Hlk93076698][bookmark: _Hlk93076708]where D is the damage variable, is the effective bearing area (the effective area after removing micropores and microcracks);  is the total area of the salt rock matrix, excluding the central pore part; is the total damage area;  is the number of pixels with grey value of ‘1’;  is the number of pixels with a grey value of ‘0’ ;  is the sum of  and.
The above formula shows that damage in salt rock can be expressed as the relationship between the effective bearing area in salt rock (the effective area after removing micropores and microcracks) and the total area of the salt rock matrix, as follows: the more crack defects in the salt rock, the smaller the non-destructive effective bearing area, the larger the damage area , and the larger the damage variable , that is, only the area of the damaged area (black area) in the digital image is required to occupy the entire area. The damage value of the salt rock in this state can be obtained by the ratio. that is, only the ratio of the area of the damaged area (black area) in the digital image to the entire area is required to obtain the damage value of the salt rock in this state.
The MATLAB software was used to quantify the total area of the black cracked area and the salt rock matrix in the digital image above and substituted into formula (3) to obtain the initial and residual damage to the salt rock sample, the results of which are shown in Table 2.

TABLE 2 Experimental schedule and corresponding partial results
	Sample No.1
	Initial damage
	Healing conditions
	Healing time/d
	[bookmark: OLE_LINK24][bookmark: OLE_LINK27]Initial damage/%
	Residual damage/%
	Recovery rate/%2

	S1-H0#
	Shear test;
Shear angle: 45o;
Rate of shear: 
0.5 mm/min.
	Saturated brine;
Thermostatic waterbath: 50 oC.
	0
	9.64
	7.00
	27.37

	S2-H1
	
	
	1
	12.45
	10.74
	13.74

	S3-H3
	
	
	3
	11.87
	10.02
	15.59

	S4-H5
	
	
	5
	10.25
	5.79
	43.49

	S5-H7*
	
	
	7
	11.67
	5.17
	55.71

	S6*
	
	-
	-
	-
	-
	-


Notes: 1 The first number refers to test sequence, and the second number refers to healing day; 2 Recovery rate = (initial damage – residual damage)/initial damage*100%, calculated from resulting CT images; # This deformed salt was stored in lab under constant room temperature and humidity. * The two test sequences include second shear test in comparison with the first shear test.

Assuming that the initial state of the salt rock (prior to initial damage) is undamaged with a damage value of 0%, the initial damage to the salt rock is almost identical as seen in Table 2, indicating no significant variability in the selected salt rock samples and the reliability of the method. It is not difficult to see that the damaged salt rock has a significant short-term self-healing law, that is, the recovery rate (healing rate) of the damaged salt rock increases with the increase of healing days, which means that the internal cracks of the salt rock are reduced in a large area, and the internal damage is gradually healed and recovered. When the damaged salt rock is in a constant temperature and humidity environment (that is, before the constant temperature saturated brine is placed), under the action of water to produce a certain degree of healing recovery. Then, after placing constant temperature saturated brine water, the damage of salt rock suddenly increases, and recovery the rate begins to decrease. The relationship between the recovery rate and healing days is shown in the following figure.

[bookmark: _Hlk73541994][image: ]
[bookmark: _Hlk73542012]FIGURE 8 Function fitting relationship between healing time and recovery rate

It can be seen from Figure 8 that the salt rock sample (S1-H0) has produced initial damage after being subjected to a shear load. The sample is placed in a constant temperature and humidity environment (that is, before being placed in a constant temperature and saturated brine), which in turn produces a certain degree of healing recovery under the influence of water. Comparing S1-H0, S2-H1 and S3-H3 samples, when the S2-H1 sample was immersed in saturated brine at a constant temperature of 50°C, the damage turned instead to increase under the effect of brine dissolution and the recovery rate decreased. Then the samples recovered by self-healing, but the recovery effect was not obvious. The reason for the decrease in recovery rate is the thermal damage caused by the sudden increase in temperature at the beginning of the healing recovery, coupled with the dissolving effect of the brine itself, which reopens the newly healed fracture areas and aggravates the internal damage of the salt rock, resulting in a decrease in recovery rate; With the continuation of restoration, the cracks in salt rock gradually recovered and healed. It should be noted that when the damaged salt rock recovered to about 5 day, the recovery effect suddenly increased significantly, and the recovery speed suddenly accelerated, from slow healing to rapid recovery.
In the short-term self-healing process of damaged salt rock, Gaussian function can be introduced to define the relationship between healing time and recovery ratio. By analyzing the self-healing characteristics of salt rock and the conditions of self-healing recovery, under ideal test conditions, the recovery rate R and the healing time T meet , so the function is required Reset the parameters in T0=100. Through fitting, the fitting relationship between the recovery rate R and the healing time T is a non-linear function, as follows: 
                 (4)
[bookmark: _Hlk93076767][bookmark: _Hlk93076789][bookmark: _Hlk93076779][bookmark: _Hlk93076806][bookmark: _Hlk93076819][bookmark: _Hlk93076877][bookmark: _Hlk93076887]In equation (4), W, A are material constants and TC is the healing time threshold. Based on the fitted data in Figure 8, W = 8.28427, A = -877.27365 and TC = 1.89504, with a fitted correlation coefficient of r = 0.91651.
[bookmark: _Hlk93076856]When TTC, the damage of brine to salt rock was greater than the self-healing recovery of salt rock itself, and its recovery rate decreased and when TTC, the self-healing ability of salt rock itself was greater than that of brine to salt rock, showing an increase in recovery rate, which was consistent with the healing strength recovery characteristics in Section 3.1 above. The above analysis shows that in the early stages of self-healing recovery, the salt rock is in constant temperature and humidity conditions and the initial moisture inside the sample allows the sample to produce partial recovery. When immersed in a constant temperature saturated brine bath, because the constant temperature saturated brine can not immediately have an effect on the salt rock test parts, but will aggravate the internal damage of the salt rock test parts, so that its recovery rate decreased, when decreased. When the healing time reached the time threshold, the recovery effect of the salt rock itself can be shown, healing shown. Healing recovery capacity is greater than the damage of brine to the salt rock weakening effect.
The evolution process of the short-term self-recovery of the internal damage of the salt rock is shown in Figure 9. The scanning positions of the CT images are all taken from the damaged shear area in the middle of the samples. It can be seen from the image that there are no obvious microcracks and pores in the initial state (that is, before the initial damage), which indicates that the processed and cut samples still have good compactness, thus avoiding the error of test results caused by external interference. 

[bookmark: _Hlk73542030][image: ]
FIGURE 9 CT image of evolution of cracks inside salt rock from original to healing materials

The salt rock will produce damage cracks with different degrees of development after shear load. As shown in Figure 9, the damage cracks of the samples S1-H0 and S2-H1 develop through from the edge to the inside; There are damage shear zones in S3-H3, S4-H5 and S5-H7 samples, which show that the main cracks are wide and there are few scattered microcracks. This shows that the difference of internal structure of the salt rock leads to the difference of initial damage, and it also shows the uneven development of internal crack defects. It can be seen intuitively from the figure that after each group of damaged salt rock samples healed, the internal cracks, micro-cracks and pores all experienced closure, from the crack tip to the inside of the crack. 
As can be seen from the figure, the salt rock sample (S1-H0) was subjected to shear loading which produced initial damage, resulting in many internal micro-cracks, which in turn produced a small amount of recovery under constant external temperature and humidity conditions. Comparing the S1-H0 and S2-H1 samples, when the S2-H1 sample was immersed in saturated brine at a constant temperature of 50°C, the internal damage cracks increased significantly and the damage intensified under the effect of brine dissolution, resulting in a lower recovery rate. It can be seen from the S3-H3 sample that with the increase of recovery time, the salt rock sample continues to heal and recover, but the recovery is not obvious. This shows that in the early stages of recovery, constant temperature saturated brine has no direct impact on the recovery of salt rock damage. When immersed in constant temperature saturated brine, the temperature suddenly rises. At the same time, due to the dissolution of the brine, some cracks bonded by moisture reopen, which leads to the increase of crack spacing, and even leads to the mutual penetration of some cracks, thus showing increased damage. This combined effect of brine and temperature keeps the fissures within the salt rock in a slow healing state. It is worth noting that the recovery rate of the S4-H5 sample (that is, when it was recovered to about 5 day) suddenly increased, and the recovery effect suddenly improved obviously, from slow healing to rapid recovery.
The above phenomenon shows that the constant temperature saturated brine has a certain promotion effect on the self-healing recovery of damaged salt rocks, but also has a certain time effect. In the early stage of self-healing recovery of damaged salt rock, the initial increase of the internal damage of salt rock samples is caused by the erosion softening of brine solution, which aggravates the internal damage of the salt rock test pieces, while the healing environment provided by the constant temperature saturation brine will cause the internal cracks in the salt rock to heal and the internal damage to be partially repaired. The softening and erosion effect of brine on damaged salt rock coexists with the self-healing cooperation of salt rock itself, that is, the competitive relationship. when the time of immersion of the damaged salt rock into the brine is less than the healing time threshold (when T<TC), the dissolution and softening effect of brine on the damaged salt rock is greater than the healing and recovery of the salt rock itself, showing that the damage increases and the recovery rate decreases; When the damaged salt rock is immersed in brine for longer than the healing time threshold (when T>TC), the self-healing ability of the salt rock itself is greater than the dissolution and weakening of salt rock by salt water, and the internal damage of the salt rock is sealed and repaired, resulting in an increase in the recovery rate. It is worth noting that the environment provided by constant temperature saturated brine is not sufficient to cause extensive healing of internal cracks and therefore slow recovery. With increasing recovery time, the constant supply of heat from the external environment intensifies the diffusive movement of the grains within its crystals, which manifests itself in a rapid recovery of the self-healing effect. 
In order to show the change of damaged structure in salt rock more clearly during the healing process, the damaged areas of the binary CT images was repaired, and the results is shown in Figure 10. The blue area indicates the cracks in salt rock.
In Figure 10, after healing of the damaged salt rock samples, the original microfractures and microporosities(blue microporous areas) are reduced over a large area, the fracture widths gradually become narrower and closure occurs gradually from the fracture tips to the inside of the fractures. The gradual development of the fracture boundary features from sharp to rounded, suggesting that under the action of the aqueous environment, saturated brine provides the base material within the healing section, causing the fracture section to close and adhere, manifesting the phenomenon of self-healing recovery of damaged salt rock fractures; At the same time, the flow of water causes dissolution where the salt rock fractures are angular, making the fractures in the healed area mostly present as rounded features.
It can be seen from Figure 10 that the healing of S1-H0 and S2-H1 samples is mainly manifested in the reduction of internal micropores and the closure of microcracks. However, the difference between them is that after the healing of S1-H0 samples, the internal cracks are healed in a large area and the healing effect is remarkable, while the partial healing of S2-H1 samples is also restored, but the recovery effect is not obvious, indicating that the softening and dissolving effect of brine increases the crack spacing and influences it; The damage of sample S3-H3 is mainly in shear damage zones, with obvious dominant crack development, but there are not many microcracks and micropores. The healing of this sample is mainly characterised by the closure of the crack terminals at the grain boundaries and the reduction of the crack width. This is because the larger the crack width is, the more growth groups are needed on the crack surface, so the higher the energy is needed to heal the crack end, so the lower the healing efficiency is, which is consistent with the previous analysis of the damage recovery rate. As the growth rate of the crystals did not vary much under the same environment, the crystals in the parts with smaller crack widths were preferentially connected together after growth, and the cracks with larger crack widths healed more slowly. Comparing the images of S4-H5 and S5-H7 samples before and after healing, after healing, the microporosity disappeared in a large area, the crack width decreased significantly, and the recovery rate increased from 15.59% (3 day) before to the recovery rate increased from 15.59% (3 day) to 43.49% (5 day) and 55.71% (7 day), the internal damage was significantly restored and healed, and the recovery effect turned into a rapid recovery.

[bookmark: _Hlk73542049][image: ]
FIGURE 10 Comparison of damaged region before and after binary CT image repair

In summary, the short-term self-healing recovery process of macro-internal damage of salt rock can be observed, but if the short-term self-healing evolutionary characteristics of damaged salt rock are explained, it needs to be explained in depth from a microcosmic point of view. Therefore, the author observed and analyzed the self-healing recovery of the internal morphology of the damaged salt rock on a closer scale.
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]3.3 Microscopic Analysis of the Cracks of Rock Salt during the self-healing process
This experiment uses SEM scanning electron microscopy to scan some representative samples (in Figure 11). By scanning and analyzing the internal morphology of the damaged salt rock under different healing days, the damage recovery process and self-healing rule of the salt rock are revealed.
As shown in Figure 11 (a), the initial damage fractures in the salt rock under shear loading produce a few angular fragments in the internal grains, with larger fractures between the grains, showing abundant inter-grain damage. The damage to the salt rock is characterized by structural dislocations between grains, the expansion of the original micro-cracks and the growth of micro-pores at the micro level, and the shear sliding phenomenon in the salt rock structure at the macro level, which leads to the reduction of bearing capacity of the salt rock crystals and shear damage.
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FIGURE 11 SEM images of (a) initial damaged salt, and representative healing microstructures (indicated by wine-red patches) of (b) S1-H0、(c) S2-H1、(d) S3-H3、(e) S4-H5 and (f) S5-H7, The light blue patches refer to cracks.

The chemical potential or surface energy causes the internal fracture surfaces of the sample to adhere together to produce partial self-healing, which manifests itself as a self-healing recovery of the internal grain fracture structure (in Figure 11(b)). 
Figure 11 (c to f) reveals typical healing microstructures (indicated by burgundy patches and light blue patches indicate microcracks) of damaged salt rocks after healing (c) 1d, (d) 3d, (e) 5d and (f) 7d by saturated brine solution at 50 oC, respectively, and it can be seen that microcracks gradually produce healing with increasing immersion time. Figure 11(c) shows that the recovery healing of the damaged salt rock first appears at the tip of the fissure, and then causes the fissure to gradually produce shrinkage closure inwards along the tip, causing the contact area of the fissure interface to increase until the two ends of the fissure grow into one, transforming the end of the fissure from tip to concave, which is consistent with the results observed under CT scanning. 
The reason for this phenomenon is that after the sample is wetted and slipped by the brine, a large amount of saturated brine fills to the fissure, so that there exists an adsorbed water film at the part where the saturated brine fills to the salt rock fissure, and the diffusion effect driven by the fissure surface energy makes the NaCl solute transport through the adsorbed water film along the fissure direction to precipitate and precipitate at the tip of the fissure, and accumulate to the top corner of the tip, presenting a round and smooth crystal growth structure, which provides a continuous material basis and energy source for the fissure this provides a constant material basis and energy source for crystal growth at the tip of the fissure.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5]When the damaged salt rock recovers to about 3 day, the crack healing of salt rock develops to the marginal angles, where the surface energy is higher due to the relatively large area of the marginal angles. This is mainly due to the fact that during crystal growth, the adsorbed water film on the cleavage surface is able to provide a constant supply of solute, thus allowing the newborn crystals to cover the original angular areas of the section. The solute in the saturated brine in the fracture or on the water film on the fracture surface is transported by diffusion to fill the angles driven by surface energy,38 which also explains the phenomenon that the salt rock on the fracture surface is recrystallized and precipitated on the fracture surface by the combined effect of temperature and water, through dissolution, migration, crystallization and growth causing crystal development and growth. When the damaged salt rock recovers to about 5 day, it is clear from the CT test results that the corresponding recovery rate increases significantly at this point, corresponding to the large area of healing of the fine microstructure at the critical part of the crystal interface fracture, which increases the contact area between brine and salt rock due to the uneven development of the fracture surface, effectively reducing the surface energy barrier in the nucleation of NaCl crystals and causing anisotropic substrate nucleation. The uneven development of the crack surface provides more concave surfaces for NaCl material transportation, which leads to enrichment of growth base and growth driving energy. Because of the imbalance of free energy caused by plasmon deposition, brine solution in the crack or the adsorbed water film on the crack surface will continuously transport the required materials to this area under the action of chemical potential, providing more material source for crystal growth, which leads to rapid growth of crystal here; At the same time, under the action of external heat, the mass at the grain interface is transferred to the lattice position of adjacent grains by diffusion, which leads to the grains becoming thicker and larger, and finally forms new grain boundaries, resulting in the decrease of porosity and permeability.31, 38, 39 
[bookmark: _Hlk71381626]The above experimental phenomena show that healing of the damaged salt rock first occurs at the crack tip or smaller crack, and then gradually develops into the crack interior. Because the fissure spacing here is smaller than that in other places, and the fissures is easily filled with saturated brine solution or forms an adsorbed water film here, the NaCl particle here spreads rapidly due to surface energy, which leads to self-healing here first, and then the fissures gradually shrinks inward along the tip and closes. When the crack of salt rock heals to the edge angle, the NaCl solute in brine is allowed to crystallize locally through the precipitation at the angle, and the new healing structures is connected on both sides of the crack, without obvious boundaries, while still keeping a slow healing state. When the self-healing recovery of the salt rock itself is greater than the weakening of the salt rock by brine dissolution, the corresponding recovery rate is significantly higher and the damage within the salt rock is closed and repaired, corresponding to a large healing of the fine structure at the critical part of the crystal interface fracture or at the uneven end of the fracture; At the same time, the grain grows coarser and coarser, forming new grain boundaries; When the self-healing of salt rock reaches about 7 day, the healing and restoration of most microcracks and microcracks are basically completed.
4. Evolutionary mechanisms of self-healing processes in damaged salt rock
In a suitable environment, the micro-damaged structure (such as microcracks and pores) in the damaged salt rock can gradually healed and recover, thus recovering their own mechanical properties and low permeability. According to the analysis of the evolution process of short-term self-healing of damaged salt rock in the past related experiments, the microcracks healing of the damaged salt rock is mainly based on the recrystallization of NaCl crystals and the diffusion driven by the surface energy:
 I. Diffusion effect: The surface energy at the microcrack tip or necking site will decrease relative to the crack surface and, driven by the surface energy, the NaCl solute will diffuse through the adsorbed water film in the crack or free pore brine to the crack tip or necking site, thus the necking site of the crack will be filled and the crack tip will move in the direction of the crack.
II. Recrystallisation: The inhomogeneity of crack surface leads to nucleation of NaCl crystals on anisotropic substrate. When the formed crystal nuclei exceeds the critical crystal nucleus size, the quality of crystal substance continuously adheres to the crystal nucleus, while the growth of the healing structure causes the difference of ionic potential energy of the surrounding saturated brine, which makes the crystal substance continuously aggregate and crystallize in this area, and gradually grows to form a crystal with certain geometric shape according to the lattice law. When the brine-filled grain boundaries migrate beyond the cracks and leave subspherical brine inclusions.

[bookmark: _Hlk73542090][image: ]
FIGURE 12 Schematic diagram of evolution mechanism of damaged salt rock self-healing process

[bookmark: _Hlk69312797][bookmark: _Hlk71999189]In Figure 12, when the salt rock is subjected to shear loading to produce initial damage, the damaged salt rock is subjected to external moisture and some of the tiny fractures are producing some degree of healing recovery. The salt rock sample was then immersed in saturated brine solution at 50 oC, which caused the partially closed fissures to re-open due to the erosive damage caused by the temperature and brine; At the same time, the self-healing environment provided by the brine fails to produce immediate healing and recovery of the salt rock samples, thus aggravating the damage to the salt rock, as evidenced by the reduced recovery rate. When the fissures within the salt rock re-open, the brine continues to fill to all parts of the fissures and NaCl is transported through the surface water film of the fissures to the tip of the fissures driven by the reduction in surface energy and chemical potential, where it precipitates, causing the crystals to first grow and heal here and shrink towards the fissures, producing a rounded growth structure, but at this point in a slow healing state, with the healing mechanism being a diffusion effect. As the continuation of healing and recovery, when the crack healing of salt rock develops to the edge angle, the recrystallization of NaCl crystal leads to the local crystallization of the salt rock precipitation at the angle, which leads to the crystal growth at the edge angle, thus making the new crystals cover the original angular part. After the damaged salt rock recovered to about 5 day, the brine solution in the fracture or the adsorbed water film on the fracture surface transported the constant material flow needed by the crystal to the fracture surface under the action of the chemical potential, and showed uneven development shape on the fracture surface, providing an additional material source for crystal growth. As a result, there was rapid crystal growth, and the recovery effect changed from slow healing to rapid recovery. The growth of the healing structure needs a large amount of material sources, and the increase in temperature will increase the supersaturation state of the brine in fracture. 
5. Conclusions
This paper experimentally studied the self-healing microstructure evolution characteristics of damaged salt rock in a short period of time (7 day) under the condition of constant temperature saturated brine. The phenomena of the test results are analyzed from the macroscopic and microscopic angles of self-healing and recovery of damaged salt rock. The main conclusions are as follows:
1. After shear damage to salt rock, in the absence of water without healing conditions, the phenomenon of strain hardening occurs, the material's resistance to deformation increases, the modulus of elasticity becomes larger; while in the presence of water healing conditions, its strength increases, but the softening effect of brine on salt rock is greater than the recovery of strength, from strain hardening to strain softening, the modulus of elasticity decreases.
2. The self-healing recovery of damaged salt rocks has a clear pattern in the short-term (7 day). Under saturated brine solution at 50 oC, the recovery effect is not obvious at the early stage of self-healing recovery (5 day) and is mainly a slow healing recovery, when the damaged salt rocks recover to about 5 day, the internal damage is obviously recovered and the recovery effect suddenly increases significantly, and the slow healing turns into a rapid recovery.
3. Damaged salt rock is in the initial stage of short-term self-healing of the saturated brine solution at 50 oC. The saturated brine at the constant temperature does not immediately have an effect on the salt rock samples, but will aggravate the internal damage of the salt rock samples and reduce the recovery rate. After the threshold value (TC =1.89), the recovery effect of the salt rock itself appears, and the healing and recovery ability is greater than the weakening effect of brine on the salt rock, which is manifested as an increase in the recovery rate.
4. There are two main healing mechanisms in the self-healing recovery of damaged salt rocks: diffusion and recrystallization of NaCl crystals. In the early stage of healing, diffusion is the main effect, and the recovery state is slow; as the reaction continues, the fracture healing develops to the edge of the angle, the healing recovery changes from diffusion to recrystallization, and the recovery state changes from slow recovery to rapid recovery.
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Nomenclature
    axial load
    shear failure area
    angle between the shear plane and the horizontal plane
    roller friction factor
D    damage variable
    effective bearing area
    total area of the salt rock matrix
    total damage area
   the number of pixels with grey value of ‘1’
    the number of pixels with a grey value of ‘0’
    the sum of  and
W    material constants W = 8.28427
A     material constants A = -877.27365
T     healing time
TC      healing time threshold
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