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Abstract:

 The impacts of temperature on the surface thermal damage of rock salt, gypsum and mudstone from the Yingcheng salt mine, China were investigated by the surface crack growth and propagation tests at different temperatures. We found that: (a) high temperature could strengthen the rock salt molecular thermal motion and weaken the cohesion among the rock salt grains, so that the grain boundaries were more prone to slip and thus develop into cracks; (b) high temperature could make the water molecules evaporate from rock specimens, which should change the physical properties of gypsum and mudstone; and (c) high temperature had a significant effect on the interface between rock salt and gypsum and mudstone, therefore it should be easy to produce cracks with white or light yellow cumulate powder here. The surface crack growth and propagation of the rock salt, gypsum and mudstone have a positive correlation with the temperature by stereo microscope and the method of binary images, which could observe the surface thermal damage properties. Finally, the fractal dimension of the rock salt surface cracks was calculated based on fractal theory, and the evolution of the surface thermal damage was found from 50 to 260 °C.
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1. Introduction

Underground cavities leached in salt domes and salt beds have been used extensively for storing hydrocarbons in America, Canada, and Europe [1,2,3,4]. The mechanical behavior of natural rock salt has been investigated experimentally, and it was found that rock salt has good creep, self-healing and low permeability properties [5,6,7,8]. This makes it a good candidate for storage of gas, crude oil and radioactive waste. The rock salt formations in China are usually laminated with alternations of rock salt and mud rock layers [9,10,11]. The presence of mudstone in rock salts had a significant influence on the mechanical properties and failure patterns of the rock salt. The hard mud rocks in rock salt formations enhances the stiffness and strength of the composite [12,13]. The depth of most rock salt storages worldwide is over 1000 m, and the corresponding ambient temperature is above 50 °C. What’s more, the rock salt repository of the nuclear waste will bear a high temperature of 250~400 °C, caused by the decay of isotopes [14,15,16,17]. So for the safety of the rock salt repository, it is important to study the thermal damage of the rock salt.

Recently, many reports regarding the thermal damage of different rocks have appeared. Zuo et al. [18] used scanning electron microscope (SEM) to study the mesoscopic forms of sandstone at various temperatures and pressures. They found that there was no thermal crack in the sandstone when the temperature was lower than 150 °C, but there were many random thermal cracks when the temperature exceeded 200 °C [18]. Horseman [19] used SEM to study the thermal damage of two different particle size granite from 20 to 600 °C, and analyze the length, width, shape, density and species of cracks. It was found that the extension of crack length was less than crack width. Chen [20] used ultrasound, uniaxial and triaxial mechanical tests to study the thermal damage of rock salt. It’s found that the peak strength, elastic modulus and ultrasonic velocity of rock salt decreased with the increase of temperature and there were microcracks, which were along or through the rock salt particles.

However, there is limited knowledge on the surface thermal damage of rock salt intercalated by gypsum and mudstone. The Yingcheng Salt mine in China is characterized by bedded rock salt intercalated by gypsum and mudstone. Because this mine is considered as a potential future storage facility for gas, oil or nuclear waste, it is necessary to evaluate the thermal behavior of its salt rock strata. The aim of this paper is to investigate the impact of the temperature on the surface thermal damage of the impure rock salt from the Yingcheng mine, by establishing a model relating the evolution of the surface thermal damage at temperatures from 50 to 260 °C.



2. Experimental Section


2.1. Test Equipment and Analysis Software

The test equipment include the ZY101 electric oven (Jinrui Company, Jiangsu, China), and the dynamic mesoscopic device (Figure 1). The dynamic mesoscopic device is mainly composed of the stereomicroscope and the charge-coupled-device (CCD) camera. The analyses software were MATLAB (The MathWorks, Natick, MA, USA) and Fractalfox2.0.

Figure 1. Test equipment.
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2.2. Preparation of the Test Samples

The rock salt specimens were pink, transparent and compact. The soluble content ranged from 96.3%–99.8% (soluble substances mainly NaCl, Na2SO4) and the insoluble compositions were mainly argillic minerals (same salt specimens from the Khewra salt mine, Pakistan). The gypsum and mudstone specimens were taken from Yingcheng, Hubei, China (Figure 2). All test samples were processed preliminarily by grinding machine, and then the surface was polished by fine sandpaper.

Figure 2. Specimens of gypsum, mudstone and rock salt.
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2.3. Experimental Procedure

The specimens were sealed at room temperature (18.5 °C) before test. In order to avoid the influence of water in the test specimen, before the test processed specimens were put into an oven at 30 °C for 48 h, and then took them out for photographing. The pictures were used at the original contrast. During the test, we put all specimens into an oven preheated to the predetermined temperature for 24 h, then took them out for cooling and took photos in the fixed area with a high definition camera. Next, we used the MATLAB and the Fractalfox2.0 to deal with the surface cracks of rock salt and to find the relationship between temperature and the surface damage of rock salt. The gypsum and mudstone specimens were photographed in the fixed area by stereomicroscope and the gypsum and mudstone specimens surface changes were analyzed comparatively. The initial test temperature was set at 50 °C. Using a temperature gradient of 30 °C, the final temperature was 260 °C. As the test specimens were difficult to obtain and process, there were only three specimens for the same rock group and the evolution of damage at different temperatures could be analyzed by comparative observation.




3. Results and Discussion


3.1. Changes Caused by Temperature on the Gypsum and Mudstone Surface

High temperature can affect mudstone and gypsum physical properties significantly. During the test, the most obvious influence was that at high temperatures mudstone and gypsum would lose crystal water under appearance of cracks on the surface, so that the surface color became weaker and its brittleness enhanced. If the rate of water loss was too fast, it would destroy the mudstone structure directly. A mudstone specimen heated to 200 °C quickly, would lead to uneven deformation of its interior and as a result, the mudstone to burst. These lead to the rate and extent of its interior uneven deformation and made the mudstone burst.

Mudstone is a kind of claystone. Gypsum is a mineral that mainly consists of calcium sulfate. During the test, both samples would separate out precipitates of calcium compounds at high temperature. These salt precipitates would be formed on the surface as adsorbed white films (Figure 3 and Figure 4). In addition, high temperature could further expand the original structural defects on the surface and develop into cracks. It could be observed by taking advantage of the dynamic mesoscopic device. White powder (calcium oxide) could be seen due to oxidation reaction under high temperature condition, and many tiny cracks formed at 260 °C (Figure 3 and Figure 4). This showed that high temperature had a significant effect on the physical property of the gypsum and mudstone.

Figure 3. Thermal damage cracks of mudstone under high temperature.
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Figure 4. Thermal damage cracks of gypsum under high temperature.
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3.2. Analysis of Cracks on Rock Salt Surface

At the beginning of 50 and 80 °C, the dislocation of crystalline grains of rock salt almost do not occur, but tiny microcracks appeared on the rock salt surface, which were difficult to observe. The thermal damage was not obvious at this moment. After heating to 110 °C, the thermal motion of molecules of the rock salt was enhanced and the cohesion among crystalline grains was weak, so that the grain boundaries were prone to slip and the microcracks began to expand and become some long cracks, which run through several grain boundaries. After a further heating, the long cracks developed randomly until they covered the entire surface of the rock salt. Upon further heating, the thermal motion of molecules of the rock salt was more intense and the damaging effect of thermal stress became stronger, so that the long cracks on the surface of rock salt linked up with each other and finally, all the cracks jointly formed a crack region. The crack distributions on rock salt surface at various temperatures are shown in Figure 5.

Figure 5. Comparison of the thermal damage cracks on the surface of rock salt in a given temperature region: 18.5, 50, 80, 110, 140, 170, 200, 230 and 260 °C.
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3.3. Microscopic Analysis of the Cracks of Rock Salt during the Heating Process

The cracks in the rock salt are almost always formed by the dislocation among crystalline grains. This dislocation occurs mainly at the grain boundaries, which are constituted by the difference of intercrystalline orientation during the diagenetic process of rock salt. The permutation of particles on the grain boundary is a transition state and it is different from the permutation of the two crystalline grains. The permutation of particles on some grain boundaries of large angles is even close to the state of disorder and it is a high-energy crystalline planar defect, which can adsorb foreign particles [21]. During the heating process, atoms on the surface of rock salt obtain large energy, so that its kinetic energy and amplitude become bigger. The schottky defect is existed in a crystal lattice, sodium chloride. It only occurs when there is a small difference in size between cations and anions. This is produced as the result of the thermal incorporation of unoccupied lattice sites from the exterior of the crystal [22]. The thermal defect and the dislocation movement in grain boundaries were more intense, and thus developed into cracks. In addition, thermal expansion coefficients of a variety of mineral particles are different, and thermal elastic properties of anisotropic minerals particles in rock salt are also different. Differences in thermal behavior could result in the grain boundaries expanding unequally and developing cracks.



3.4. Quantitative Analysis of the Relation between the Expansion of the Rock Salt Surface Cracks and the Temperature

In order to analyze more intuitively the development and expansion of the rock salt surface cracks, grayscale and binary processing were used, which could make the graphic image of the rock salt surface cracks into the digital image (Figure 6). The grayscale image only contained the luminance information and no color information. And the binary processing aimed at setting the grayscale of the point on the image at 18.5 to 260 °C, making the whole image representing a clear white and black effect, which could be convenient for observation and analysis. It was very easy to realize this operation by using the MATLAB software. Figure 6 demonstrates a group of grayscale and binary images of the development of the rock salt surface cracks with different temperatures.

Figure 6. The grayscale and binary images of the rock salt surface thermal damage cracks at different temperature keep for 24 h from 18.5 to 260 °C.
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The black area in Figure 6 indicated the distribution of the cracks on the rock salt surface. As the temperature increased, the development and expansion of the cracks on the rock salt surface could be observed clearly. At room temperature, 50 and 80 °C, the black spots in Figure 6 were the white grains and original pore could not be smoothed on the rock salt surface. Namely, being in the ideal state free from the effect of external factors, the binary image of the smooth rock salt surface should be a blank image without black spots. By comparison, the distribution and the quantity of the black spots remained basically unchanged in the first three images. There were mainly no apparent cracks on the rock salt surface, and that the temperature exerted no obvious impact on the physical properties of its surface. With further heating, the proportion occupied by the black spot area on the rock salt surface increases (Figure 6). So the higher the temperature, the more obvious the thermal damage to the rock salt surface.

The damage variable [image: there is no content] could be defined as [17]:
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(1)




Where Ad is the effective bearing area after damage, A0 is the initial cross sectional area without damage.

Making the Af to be the cross sectional area damaged, thus:
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(2)




Assuming that the thermal stress was applied on the material surface due to the temperature and let the crack area of the non-destructive material surface be S0. Thus, the crack area Sw could be expressed as:
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(3)




While the surface damage area reached to Ad, the generated crack area Sd was:
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(4)




It could be obtained through Equations (1) and (3):
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(5)




The damage variable D in Equation (5) was the ratio of crack area (Sw) produced by thermal stress and non-destructive material surface (S0). The higher the temperature, the bigger the crack area of the rock salt surface Af, and the smaller the effective bearing area without damage; the bigger the D, the greater the thermal damage to the rock salt surface. As long as the ratio occupied by the area without cracks (white area) in the black and white binary image was obtained, the numerical value of the thermal damage to the rock salt surface at this temperature could be calculated.

MATLAB software was used to calculate the white area and the ratio of the total area in the binary image mentioned above, taken into Equation (5). Then the relation between the temperature and the damage to the rock salt surface could be obtained, as shown in Table 1.

Table 1. The relation between the temperature and the damage for the thermal stress cracks.


	Temperature (°C)
	Average damage value (D)





	18.5
	0.015



	50
	0.015



	80
	0.015



	110
	0.035



	140
	0.151



	170
	0.528



	200
	0.588



	230
	0.795



	260
	0.897








In this table, from 18.5 to 80 °C the numerical value of the damage had no change, indicating that the rock salt surface had basically not been subjected to damage within this temperature gradient. However, the reason of these numerical values of the damage not being 0 was that the texture was brought by the rock salt itself and then remained in the picture processing. If heating continues past 110 °C, along with the increasing temperature, the damage to the rock salt surface increases, representing a growth in the form of a fixed power index. The relation between the temperature and the average numerical value of the damage was shown in the Figure 7.

Figure 7. The relation between the temperature and damage.



[image: Minerals 05 00104 g007 1024]









Through the fitted curve in Figure 7, the following relation could be obtained between the temperature and the variable of the damage to the rock salt surface from 18.5 to 260 °C:
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(6)




Where Dr is thermal damage value; a, b and c are constants; T is temperature.

Chen [20] had confirmed that high temperature could result in the obvious thermal damage to the rock salt. The higher the temperature, the greater the damage and the worse the mechanical properties become. We also analyzed the result that the higher the temperature, the more significant the effect of the development and expansion of the rock salt surface cracks, which are influenced by the temperature. This means that, by analyzing the degree of the development and expansion of the rock salt surface at different temperatures, the degree of the thermal damage caused by the temperature could be measured.



3.5 Fractal Characteristics of the Development and Expansion of the Cracks on the Rock Salt Surface

The unordered and non-uniform cracks on the surface of rock salt caused by temperature are very difficult to describe with traditional Euclidean geometry theory. However, the fractal theory appears to provide the new method for studying the irregularity of the path of the crack development. The fractal theory analyzes directly the inner regularity of the object, which had never been simplified and abstracted. These complex objects, which could not be quantitatively described or had been difficult to be quantitatively described before, can now be expressed conveniently by these space distribution parameters of fractal object. Fractal dimension reflects the effectiveness that the complex object occupies in the region, which is a measurement of the irregularities of the complex objects. There are many methods to analysis the fractal object, such as Lyapunov dimension, Hausdorff dimension, similarity dimension, box-counting dimension, information dimension, correlation dimension and so on [17].

In order to describe the fractal characteristics of the cracks on rock salt surface, the Kolomogrov capacity dimension was chosen. We utilized the fractal software of Fractalfox 2.0 to calculate these fractal dimensions of the cracks on rock salt surface at different temperatures. The basic principle of software Fractalfox 2.0 is Box-counting dimension. The Kolomogrov dimension, known as Box-counting dimension, is a kind of representations of Hausdorff dimension [22].
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Where Df is the Kolomogrov capacity dimension of A. Let (x, d) represent the space, which owes some distances, when A ∈ ξ(X) and every ε > 0, let N(A, ε) indicated the minimum closed ball of radius ε, which used to cover the A.

The fractal dimension, Df, was calculated from the room temperature of 18.5 to 260 °C, shown in Table 2. It could be found that when heated to 170 from 80 °C, the fractal dimension Df of the cracks on rock salt surface became bigger, but when heated to 260 from 170 °C, it remained constant. It means that with the temperature rising, the disordering of development and expansion of the surface cracks first increased then stayed constant. The Figure 8 showed the relation between fractal dimension and temperature.

Figure 8. The relation between fractal dimension and temperature.
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Table 2. Relational table of temperature and fractal dimension of the cracks on rock salt surface.


	Temperature/°C
	Fractal dimension/Df





	50
	0.708



	80
	0.830



	110
	1.491



	140
	1.680



	170
	1.836



	200
	1.859



	230
	1.863



	260
	1.893










The analysis of fractal dimension mentioned above kept in accordance with the macro analysis of the cracks on rock salt surface, which illustrated that fractal dimension could explained well the development and expansion situation of the cracks on rock salt surface with different temperatures, namely, the revolution law of its thermal damage. But it could not be treated as a reflection of the degree of the thermal damage to the cracks on rock salt surface.






4. Conclusions

In this paper, the impact of thermal damage on rock salt, gypsum and mudstone was investigated and the evolution of the surface thermal damage cracks were found from 50 to 260 °C. The high temperature would result in an obvious thermal damage to the rock salt, and furthermore it would produce a large number of cracks on the rock salt surface. The dislocation among these grains caused by the Schottky defects and the different thermal expansion coefficients of a variety of mineral particles. After losing the crystal water, the surface color faded with the damage to the surface structure and the appearance of the cracks. Through the analysis of the cracks on rock salt surface and the grayscale binary processing of their pictures, the empirical formula of the temperature and the damage was fitted. The research showed that the degree of the development and expansion of the cracks on rock salt surface could reflect effectively the degree of the thermal damage to itself. The fractal dimension of the development and expansion of the cracks on rock salt surface could be calculated by the fractal theory.
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