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Abstract

:

Effective monitoring of rock fracture and seepage is an important information means to ensure the safety of geotechnical engineering. Therefore, sandstone samples were subject to uniaxial compression under different hydraulic conditions in the presence of infrared radiation and observation. This study uses the multiple infrared radiation indexes (ΔAIRT, IRV, VDIIT) and image data to analyze the influence of coupled stress-hydro effect of infrared radiation change on sandstone surface. The main findings are: (1) The surface temperature of sandstone samples rises in the compaction and linear elastic stages, keeps stable or decreases in the fracture development stage, and rapidly decreases in the post-peak failure stage. (2) The samples with internal water pressure not more than 0.30 MPa, surface temperature and load curve at the compaction and linear elastic stage have a strong power function relationship, which a coefficient of determination is 0.8900. (3) The IRV curve appears as a pulse jump at the time of water seepage. After that, both the fracture development and the post-peak failure stages have stepped up. The VDIIT curve also appears to be a pulse jump at the time of water seepage, and obvious up and down fluctuations exist before water seepage and fracture. (4) Based on the Pauta Criterion, by analyzing the values of VDIIT during the experiment, the early warning threshold of sandstone fracture seepage is determined to be 0.00559. The research finding can provide an experimental and theoretical basis for the early warning of flood accidents in underground rock engineering.
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1. Introduction


With the rapid development of social construction, many cities worldwide have taken the development and utilization of underground space as an important way to solve the population, resource and environmental crises and implement the concept of sustainable development [1,2,3,4,5,6,7,8,9]. However, the development of underground space and other geotechnical engineering is often restricted by groundwater [10,11,12,13,14,15,16,17]. Because water can cause changes in the physico-chemical properties of rocks, it is generally regarded as one of the most active and direct factors in geotechnical engineering disasters [18,19,20,21,22,23,24,25]. The rock in the engineering site is usually subject to the double action of water pressure and external force. Therefore, it is imperative to explore the dynamic law of rock fracture and seepage under the coupled stress-hydro effect and carry out the prediction research of water damage accidents to reduce the occurrence rate of geotechnical engineering accidents.



It has been found, that when the rock breaks, it usually releases electromagnetic energy [26,27,28,29,30,31], elastic energy [32,33,34,35,36,37,38,39,40,41], thermal energy [42,43,44], acoustic energy [45,46,47,48,49,50,51], and other kinds of energy [52]. Hence, generating a variety of disaster warning methods related to rock mass, such as infrared radiation method [53,54], electromagnetic radiation method [55,56], acoustic emission method [57,58], potential method [51,59] and microseismic method [60,61]. Among these, as a non-contact method, the infrared radiation method has the advantages of high accuracy [62], strong reliability [63], simple operation [64], and visualization [65], etc., which provides a convenient and accurate early warning method for rock fracture seepage monitoring under coupled stress-hydro effect.



Many scholars have recently studied the infrared radiation characteristics of rock failure and instability. Wu et al. [66] believe that there are abnormal changes in the infrared radiation image and temperature curve before rock failure. Lin et al. [67] found that the evolution law of average infrared radiation temperature is closely related to rock porosity, and the process of rock failure can be inferred from this. Huang et al. [68] found that the surface emissivity of loaded rock varies linearly with stress through experiments. Cao et al. [69] proposed a new index, “load-unload response ratio (LURR)” based on the rock failure characteristics under cyclic loading and unloading conditions. Zhang et al. [70] conducted some experiments on preflawed sandstone to investigate the infrared radiation characteristics during failure process and presented a new quantitative model based on Verhulst inverse function.



In addition to the above research on the infrared radiation characteristics of dry rocks, some scholars have conducted relevant experiments with water-bearing rocks. Cao et al. [71] carried out uniaxial loading tests of sandstone with different water content and thus proposed a quantitative analysis index of energy dissipation infrared radiation ratio, which was applied to predict and identify the failure of saturated rock. In addition, his team also found that rock saturation weakened its mechanical properties and amplified the changes in infrared radiation during the bearing process. According to the experimental results, they established a uniaxial loading constitutive model of rock based on infrared radiation [72]. Cai et al. [73] studied the infrared radiation characteristics of sandstone, granite, and marble with different water saturations during loading. They considered that the increment of infrared radiation has a great relationship with rock samples’ water content and compressive strength. Shen et al. [74] proved through experiments that the maximum infrared radiation temperature of rock samples presents different characteristics at different stages of loading.



However, because many rock masses in the project site are under the simultaneous and continuous action of water pressure and external force, the above research cannot fully meet the requirement of real engineering application. Therefore, this paper innovatively designed the infrared radiation observation experiment of sandstone failure seepage under the coupled stress-hydro effect and established the quantitative characterization method of sandstone failure seepage through the infrared radiation response indicators, i.e., AIRT, IRV, and VDIIT. After that, the infrared radiation warning threshold of sandstone fracture and seepage was determined. The research results can provide an experimental and theoretical basis for the early warning of flood accidents in geotechnical engineering, e.g., tunnels, mines, and underground reservoirs.




2. Experimental Design


2.1. Experimental System and Equipment


The infrared radiation observation experiment for sandstone fracture and seepage under coupled stress-hydro effect, consists of a pressure control system, a hydraulic loading system, a digital camera system, and an infrared monitoring system. The influence of coupled stress-hydro effect on the infrared parameters of the sandstone surface is analysed through the collection of various parameters during the experiment; the initial position and damage characteristics of sandstone seepage fracture under various conditions are investigated. Figure 1 depicts the experiment system schematic diagram.



	
Pressure control system






This test uses the MTS C64.106 electro hydraulic servo universal testing equipment as the pressure control system, as shown in Figure 2. In Figure 1, the press may display the test parameter curve dynamically and record the axial stress, strain, displacement, and load in real-time. The sampling frequency is 1000 Hz, the maximum static load is 1000 kN. The loading, displacement, and deformation accuracy are within 0.5%.



	
Digital camera system






The Canon 600D SLR camera is used in this experiment to record the images. It has an 18 million pixel CMOS sensor, a digital 4 image processor, a 3-inch reversible LCD screen, full HD video recorder. The camera will record the entire experiment and be utilised to watch the sample fracture and water seepage process in the later stages of the experiment.



	
Hydraulic loading system






Pull a steel pipe out of the drilled sandstone, fill it with water, connect the pressure gauge, and link it to the air pump interface, before strong glue using to secure the perforated iron sheet to the top of the sandstone. An air pump compression technique is used to verify that the internal water pressure reaches and maintains a specific value during the test. The primary air compressor (Figure 3) characteristic parameters are listed in Table 1.



	
Infrared observation system






An infrared thermal imager and its professional control system comprise the infrared radiation observation system, as shown in Figure 4. The infrared thermal imager is an uncooled infrared thermal imager with the type varioCAM HD head 880 from infra Tec, Dresden, Germany. The essential characteristics and performance of the infrared thermal imager are described in Table 2.




2.2. Sample Preparation


The rock samples used by the authors were taken from the coal mine site and made by cutting a whole rock. First, the authors preliminarily screened the processed rock samples and eliminated the rock samples with surface cracks. Next, the authors used the U510 non-metallic ultrasonic detector to accurately measure the wave velocity of the sample. During the process, the probe should be kept in direct contact, and the probe should be in close contact with the sample through the couplant. At the same time, the authors eliminated the samples whose wave velocity deviated by more than 10% to ensure the maximum elimination of the dispersion of rock samples. The representative samples of cubic shape had dimensions 100 mm × 100 mm × 100 mm. To provide a space for water injection in the sandstone, drill a sandstone cylinder with a diameter of 50 mm and a depth of 65mm, at the centre of the sample surface with a drilling machine (see Figure 5a). After that, a steel pipe with an exterior diameter of 20 mm, an inner diameter of 18 mm, and a length of 200 mm (see Figure 5b) and an iron square piece of specification 80 mm, shall be used (see Figure 5c). Keep the drilled sandstone, steel pipe, and perforated iron sheet in a ventilated area for 24 h to allow the strong adhesive to set completely. Simultaneously, the small space at the three-part junction must be filled with strong glue and sealed to guarantee that the processed sample does not leak (see Figure 5d).



To ensure the accuracy of the experimental monitoring data, the flatness parameters of the rock sample surface are set as follows: the roughness of the rock sample surface is less than 0.1 mm, and there is no bulge and depression. The side of the rock sample shall be perpendicular to the upper and lower end faces, with a deviation of less than 0.05°. Rock samples are natural samples without special treatment such as drying or soaking. The rock sample shall be put into the laboratory one day before the experiment to ensure that the temperature of the rock sample is consistent with the temperature of the experimental environment. That is to prevent the accuracy of the infrared radiation response information from being disturbed by the heat transfer during the experiment.



The test is divided into 4 groups, with 3 samples in each group, 12 in total. Four different water pressures of 0 MPa, 0.15 MPa, 0.3 MPa and 0.45 MPa are, respectively, used to pressurize. The experimental samples grouping details are given in Table 3.




2.3. Experimental Process


Figure 1 depicts the pressure control system, water pressure loading system, digital camera system, and infrared observation system. The infrared observation instrument and digital camera are placed 1 m in front of the sample to enable observation and recording. The steel pipe is used to fill the interior chamber of the loaded sample with water sample, and the steel pipe is connected to the air compressor via the rubber pipe to assist later pressurisation. Place the loaded specimen on the presser pressure plate. Given the poor bearing capacity of the rock sample’s cavity, a specification of 100 mm (length) × 35 mm (width) × 30 mm (height) metal cushion block is placed on the solid part of the rock sample and its center is aligned with the loading center, as illustrated in Figure 6. Simultaneously, the reference sample used for noise reduction must be put and kept on the loaded sample’s side, and its height must be consistent with that of the loaded sample.



After arranging the necessary equipment and samples, each experimenter is responsible for configuring the storage directory and other basic settings for the press, infrared thermal imager, and other equipment, with a 0.2 mm/min loading rate. After that, the air compressor increases the water pressure to the desired value, and the valve is closed to guarantee that the internal water pressure of the rock sample remains constant. After setup, the infrared thermal imager, digital camera, press, and other equipment will begin to operate in unison under the unified password. It is prohibited for laboratory staff to move around and close the laboratory windows, curtains, and all lighting sources that may create radiation interference during the information gathering procedure of the infrared thermal imager.



After the test, all equipment shall stop working at the same time, and the test personnel shall properly save the data of all equipment, and take photos of the fracture morphology of the rock sample. After cleaning the test bench, place the next sample to continue the experiment.




2.4. Experimental Data Processing Method


In the infrared radiation information collection system, the infrared thermal imager maps the rock samples’ physical and structural changes during the experimental procedure to the infrared radiation temperature field. It shows in the form of infrared thermal images. When the difference between the background temperature and the temperature of the rock sample is large, the abnormal features of the infrared thermal picture are not visible (as shown in Figure 7), so the infrared radiation data of the rock sample must be extracted again in a small range.



A rectangular area (as illustrated in Figure 7) is constructed along the whole sample section in the infrared radiation acquisition system, and the infrared radiation response information of the rectangle area is then retrieved and preserved in the form of a series of two-dimensional matrices. The resampled infrared radiation data of frame P is a two-dimensional matrix with the following expression:


   f p    x , y   =        f p    1 , 1        f p    1 , 2      …     f p    1 ,  L y           f p    2 , 1        f p    2 , 2      …     f p    2 ,  L y         ⋮   ⋮   ⋱   ⋮       f p     L x  , 1        f p     L x  , 2      …     f p     L x  ,  L y           



(1)




where x represents the row number of the matrix    f p    x , y     and y represents the column number;    L x    and    L y    are the maximum number of rows and columns of x and y, respectively.



According to the obtained temperature matrix, the following parameters can be calculated:




	(1)

	
Average infrared radiation temperature (AIRT) and ΔAverage infrared radiation temperature (ΔAIRT)









AIRT can directly reflect the bearing rock surface’s overall infrared radiation field temperature. The average infrared radiation temperature (AIRT (p)) of the pth frame in the original infrared radiation thermal image sequence is expressed as:


  AIRT  p  =   1   L x     1   L y      ∑  x = 1    L x     ∑  y = 1    L y      f p  ( x , y )   



(2)







Since the radiation interference of the loaded sample and the reference sample is almost synchronous in time and space, the AIRT of the loaded sample can be subtracted from the AIRT of the reference sample to obtain the denoised ΔAIRT. This can be calculated by using Equation (3):


   Δ AIRT   p  = AIRT  p  −   AIRT ′    p   



(3)







	(2)

	
Infrared radiation variance (IRV)







The physical meaning of IRV is the changing trend of the dispersion degree of the temperature field in the original infrared radiation thermal image sequence diagram. The variance (IRV (p)) of the original infrared radiation thermal image sequence of the pth frame is expressed as:


   IRV  p  =   1   L x     1   L y     ∑  y = 1    L x     ∑  x = 1    L y         f p    x , y   − AIRT  p     2   



(4)







	(3)

	
Variance of differential infrared image temperature (VDIIT)







The physical meaning of VDIIT is the variation trend of the dispersion degree of the temperature field in the differential infrared radiation thermal image sequence diagram. The variance (VDIIT (P)) of the differential infrared radiation thermal image sequence of the pth frame is expressed as:


   VDIIT  p  =    1   L x     1   L y      ∑  y = 1    L x     ∑  x = 1    L y         φ p    x , y   − AIRT  p     2   



(5)




where    φ p    x , y   =  f  p + 1     x , y   −  f p    x , y    .





3. Experimental Results and Analysis


3.1. AIRT Response Characteristics of Sandstone Seepage


The loaded specimen ΔAIRT value has prominent change characteristics, mainly showing an upward-downward trend. According to the inflection point (breakpoint) of the corresponding load curve, the whole process can be divided into four stages: (I) compaction stage, (II) linear elastic stage, (III) fracture development stage, and (IV) post peak failure stage.



	(1)

	
sample 0–1







Figure 8 depicts the ΔAIRT-load curve for sample (0–1). At 0 s, the ΔAIRT was −0.147 °C. In the compaction stage, it showed a fluctuating upward trend. The sample enters the linear elastic stage at 340.17 s, at which the corresponding load is 54.27 kN, the ΔAIRT is −0.100 °C, which is 0.047 °C higher than that at the beginning. In the elastic stage, the ΔAIRT also showed an upward trend, and the temperature rise rate was almost the same as in the previous stage. Before and after 697 s, the load curve fluctuated, decreasing from 233.32 kN to 215.96 kN. At this time, the corresponding ΔAIRT was −0.043 °C, which indicates that the sample was at the end of the linear elastic stage, and the temperature increased by 0.057 °C compared with the initial stage. In the next fracture development stage, with the increase of the load curve, the ΔAIRT begins to decrease. At 796.19 s, the load curve has a peak value. After that, it rapidly decreases, which means the beginning of the post-peak failure stage. At this time, the corresponding ΔAIRT is −0.056 °C. At 802.80 s, the end of the experiment, the load decreased to 215.86 kN, and the ΔAIRT fell to −0.059 °C.



	(2)

	
sample 0–3







Figure 9 depicts the ΔAIRT-load curve for sample (0–3). The ΔAIRT at 0 s is 0.056 °C, it rises slowly at the compaction stage. In the range of 100.48 s to 120.35 s, ΔAIRT jumps from 0.063 °C to 0.081 °C, increasing by 0.018 °C. During this period, the load has not exceeded 2 kN, and the heat generation is caused by friction of particles in the rock sample. At 454.41 s, the bearing rock sample enters the linear elastic stage. At this time, ΔAIRT was 0.109 °C, which is 0.053 °C higher than the initial stage. In the linear elastic stage, ΔAIRT continued to rise. At 758 s, the load curve suddenly drops, and the drop amplitude reaches 13 kN. The ΔAIRT value was 0.134 °C, and the whole stage increased by 0.025 °C. The loaded rock sample thus enters the fracture development stage. In this stage, the load curve drops again at about 836 s, with a magnitude of 9 kN. At 919.91 s, the load curve reached the peak of 202.46 kN, followed by a sudden drop, which is a sign of the beginning of the post-peak failure stage. So far, the temperature drop of the whole fracture development stage is 0.057 °C. At the post-peak stage, the load curve and ΔAIRT both decreased rapidly, and the ΔAIRT fell to −0.041 °C.



	(3)

	
sample 0.30–2







Figure 10 depicts the ΔAIRT-load curve for sample (0.30–2). The initial value of ΔAIRT was −0.671 °C. In the compaction stage (0 s~193.05 s), the load rises to 51 kN and ΔAIRT rises to −0.646 °C. In the linear elastic stage (193.05 s~524.76 s), the load curve and ΔAIRT showed a nearly linear rising trend, in which the load increased to 210.04 kN, ΔAIRT rose to −0.601 °C. During the whole fracture development stage (524.76 s~637.80 s), the load increased from 210.04 kN to 253.37 kN, which is also the peak load. During this period, the ΔAIRT was stable, and only slightly increased by 0.011 °C. After the peak of the load curve, the ΔAIRT and the load have a sudden drop trend, wherein ΔAIRT dropped to −0.773 °C, which overall decreased by 0.183 °C.



Figure 11 shows the ΔAIRT’s difference of the three samples at each stage. It revealed that in the compaction stage, the water body is confined to the interior of the rock sample. Its control effect on the ΔAIRT has not yet appeared, so the temperature change trend of the rock sample surface is dominated by the temperature rise caused by loading. In the linear elastic stage, the original fracture in the rock sample is gradually closed in the previous stage, the internal water body is difficult to seep out, so the surface temperature of the rock sample is still rising. In the fracture development stage, the internal cracks of the rock sample begin to grow, and gradually develop into macroscopic cracks, which is visible to the naked eye. The cracks begin to meet and penetrate, and the sample volume expands. In this stage, as the water begins to seep out along the developed fracture, its cooling effect on the rock sample surface begins to appear, in which 0–1 sample is cooled by 0.013 °C and 0–3 sample is cooled by 0.067 °C. Although the 0.30–2 sample still has a small temperature rise of 0.011 °C, the temperature rise trend has been significantly suppressed. In the post-peak failure stage, the load curve has decreased significantly since the macro fracture surface was formed. The water in the rock sample flows out in large quantities, resulting in a significant cooling effect. Among them, 0–1 sample is cooled by 0.003 °C, 0–3 sample is cooled by 0.118 °C, and 0.30–2 sample is cooled by 0.183 °C.



In this experiment, when the internal water pressure is not more than 0.30 MPa, the water seeps out after the crack is developed, thus causing the cooling phenomenon. When the water pressure is 0.45 MPa, the internal water body seeps out in the linear elastic stage, thus, the ΔAIRT value changes from up to down. For rock samples with a water pressure of 0.45 MPa, the analysis of ΔAIRT changes will be given in combination with IRV and VDIIT.




3.2. The Functional Relationship between ΔAIRT and Load before Sandstone Seepage


By plotting the ΔAIRT-load curve of each rock sample, it can be found that when the internal water pressure is not more than 0.30 MPa, the load and ΔAIRT show a certain positive relationship in the compaction stage and the linear elastic stage, that is ΔAIRT increases with the increase of load. The 0–2 sample, 0–3 sample and 0.30–2 sample with typical experimental results are selected for analysis.



To further explore the functional relationship between ΔAIRT and load in this process, the ΔAIRT and load data of these rock samples in the compaction and linear elastic stages can be extracted. The function fitting can be performed according to the time parameters as shown in Figure 12. After several fitting times of, it was found that the trend of the power function model is consistent with the corresponding relationship point. The functional expression of ΔAIRT and load (L) is:


  Δ AIRT = a  L b   



(6)




where, ΔAIRT is the average infrared radiation temperature difference (°C), L is the axial load (kN), a and b are coefficients.



Figure 13 depicts a fitting curve of ΔAIRT-load of each sample. The maximum standard deviation of the fit curve for each sample is only 0.06429, and the minimum value of the function correlation coefficient is 0.8924, which indicates that the model selection and fit effect are ideal. The details about each sample are given in Table 4.




3.3. IRV Response Characteristics of Sandstone Seepage


Figure 14 depicts the ΔAIRT-load-IRV curve of 0.45–2 sample. It revealed that in the compaction stage (0 s−217.15 s), the ΔAIRT of 0.45–2 sample shows an upward trend, rising from −0.013 °C to 0.057 °C, increasing by 0.070 °C, and the corresponding load curve bends upward to 36.98 kN. As the water body inside the rock sample has not yet seeped out, the control effect on the surface temperature of the rock sample has not yet appeared. The temperature change trend is mainly dominated by the temperature rise caused by uniaxial loading, and the IRV has been stable between 0.013 and 0.016.



Under 0.45 MPa water pressure, the water in the rock sample escapes and seeps through the original fissures in the rock and the micro pores between the particles around 340 s (see Figure 15). At the same time, the load value reached 80.41 kN, and remained in a linear rising state, while the AIRT and IRV curves exhibited significant changes. For example, at 339.47 s, the AIRT curve attained a peak value of 0.089 °C before beginning to fall. At 338.81 s, the IRV remained stable at 0.016, but at 342.78 s, the IRV pulse jumped at 0.060 before returning to 0.015 at 343.44 s. It can be seen that when the water pressure is strong (enough to cause a water seepage point and form a water seepage surface in a short time), the inflection point of ΔAIRT from rising to falling and the pulse type jump peak of IRV can be used as an early warning signal for water seepage (water inrush) of rock samples.



After water seepage (water inrush) of rock samples, the ΔAIRT value drops rapidly. During the period from 339.47 s to 560.24 s, the ΔAIRT decreased from the peak value of 0.089 °C to −0.039 °C, and the cooling range was as high as 0.128 °C. While the IRV also increased from 0.015 to about 0.034 and maintained stable instability. During this period, the load curve has been in a linear rising state, reaching 179.46 kN at the end of the stage.



In the fracture development stage (560.24 s–638.80 s), IRV appears a step-type jump compared with the previous stage. In the later stage of the last linear elastic stage, IRV was once stable at around 0.034. Though the appearance of first peak of the load curve, the IRV curve rises rapidly, and remains constant at about 0.045 at this stage. This can be understood that the IRV response characteristics of the rock samples entering the fracture development stage. During this period, the load curve decreased from 179.46 kN to about 165.42 kN, and ΔAIRT was still in a downward trend.



In the post-peak failure stage (638.80 s–711.71 s), IRV continued to rise in stages. IRV, which was previously stable at 0.045 in the fracture development stage, rose rapidly to 0.055 and maintained a stable fluctuation trend. During this period, the load curve reached the peak of 168.61 kN and began to drop, while the ΔAIRT value was stable at −0.079 °C.



Figure 15 is an image recording of water seepage of the 0.45–2 sample before and after 340 s. The rock sample’s observation surface is dry at 338 s, and a wet water point appears at the upper part of the rock sample, that is, the water seepage point. The seepage point is the starting point of the seepage process. After the water seepage, the wet area centered on the water seepage point began to expand. With time, it mainly expanded to the lower part of the rock sample and rapidly formed water droplets to slide down, which also affected the changes in ΔAIRT curve and IRV curve.




3.4. VDIIT Response Characteristics of Sandstone Seepage


Figure 16 is the ΔAIRT-load-VDIIT curve of the 0.45–2 sample. Figure 16 revealed the VDIIT of this rock sample is always around 0.0040 in the early stage of the experiment. However, between 250.20 s and 252.28 s, VDIIT jumped from 0.0040 to 0.0062, and then rapidly decreased to 0.0016. This point can be used as a precursor of water seepage of rock samples. After a development period, VDIIT suddenly increased to 0.0130 at 340.13 s, then jumped to 0.0408 at 342.78 s. This time point also corresponds to the inflection point of AIRT from rising to falling and the water seepage phenomenon, as shown in Figure 15.



The VDIIT also shows abnormal fluctuation when the rock sample breaks and water seep. At 551.27 s, VDIIT jumps from 0.0043 of the previous frame to 0.0063, then drops to 0.0017 at 552.60 s. It can be seen from the image records that this time point corresponds to the macro crack development and fracture water seepage process of the rock, as shown in Figure 17.



Figure 17 shows the macro crack development and fracture in the water seepage process of 0.45–2 sample before and after 552 s. At 551 s, longitudinal cracks appeared in the middle of the rock sample observation surface, and water flowed out at the lower part. At 552 s, a VDIIT fluctuated when longitudinal water seepage growth also appeared, at the left of the center upper part. Over time (555 s–560 s), the two seepage zones developed, expanded, and penetrated each other, forming a Y-shaped macro fracture. During this period, the ΔAIRT also rapidly decreased to 0.013 °C.



In order to reflect the mutation characteristics of VDIIT of the sample, the mutation threshold of VDIIT is determined based on the Pauta Criterion, and the discrimination criteria can be calculated using Equation (7).


    ε − μ   > 3 σ  



(7)




where: ε is the VDIIT value, μ is the average value of VDIIT, σ is the standard deviation of VDIIT. The infrared radiation threshold is   μ ± 3 σ  .



For example, the Sandstone sample 0.45–2 mutation threshold of VDIIT of the sandstone sample based on Pauta Criterion is 0.00798. It can be seen from Figure 16 that the VDIIT index based on the Pauta Criterion can effectively identify the VDIIT mutation in the process of water seepage (water inrush), which can be used as an early warning of disasters. Table 5 shows the mutation threshold statistics of all sandstone samples. The average value of the upper threshold of the mutation threshold is 0.00627, the maximum value is 0.00798, and the minimum value is 0.00559. When water seepage (water inrush) occurs in the rock, the difference in the infrared radiation temperature matrix increases, which makes VDIIT suddenly increase. Therefore, when identifying VDIIT mutations, it is only necessary to consider the upper threshold. In the application process, the minimum value of mutation threshold 0.00559 should be taken as the early warning threshold to ensure the accuracy of early warning.





4. Discussion


The rock, before uniaxial loading, contains a certain amount of pores, air and water. In the process of uniaxial loading, the internal stress of rock mass will increase, accompanied by pore compression, crack development, fracture and water seepage.The coupling effect of water pressure and stress leads to rock mass fracture, and the crack development will promote the seepage of water in the rock. The change of energy (ΔE) on the rock surface under coupled stress-hydro effect mainly includes the following five parts:


ΔE = ΔE1 + ΔE2 + ΔE3 + ΔE4 + ΔE5



(8)







ΔE1 is energy that the gas escape process carries in the primary pore. It has been confirmed through laser Raman spectroscopy analysis technology that CH4, CO2, O2 and other gases are in most rocks’ pores [75]. Before the pores are damaged, the internal gas exists in the interior or surface of the pores in a free or adsorbed state. Under the action of external load, the pores are compressed or even destroyed, resulting in the escape of internal gas. In the process of gas escape, some energy will be taken away. Therefore, generally, ΔE1 < 0.



ΔE2 is the energy generated by friction heat generation. In the rock’s interior, the friction behavior will occur between the pores, fractures, joints and rock particles developed in all directions. Two factors affect the friction heat generation process: the positive pressure on the contact surface and the friction coefficient. When the friction coefficient is constant, the greater the normal stress on the contact surface, the greater the friction force, and the more work is done to overcome the friction force in the process of crack and particle sliding, thus causing the temperature of the contact surface to rise, so ΔE2 > 0.



ΔE3 is the energy generated by the thermoelastic effect. The change of temperature rise of the loaded sample is in direct proportion to the change of stress, and the expression is:


ΔT/T = K0Δσ



(9)




where: T is the absolute temperature of the solid unit; ΔT is the temperature change; Δσ is the variation of the principal stress sum, and K0 is the thermal elastic coefficient.



In the process of uniaxial loading, the principal stress increases with loading, so the sample temperature rises, ΔE3 > 0.



ΔE4 is the heat generated by the expansion of original pores, fractures, and joints in the rock and the development of new fractures. With the increase of external load, internal pores and joints will shrink and close. With further loading, the pores will collapse, and the original fractures and joints will further expand, penetrate and merge, accompanied by new fractures. The increase of heat accompanies this process, so ΔE4 > 0.



ΔE5 is the energy loss caused by the water body escaping. With the development, expansion, and penetration of rock fracture, the water in the sample begins to seep out. Water’s specific heat capacity and thermal inertia are larger than rock’s. The water has an evaporation effect, the temperature of water under the same conditions is lower than that of surrounding objects, and the water seepage part shows an obvious low-temperature area in the thermal image. With the increase of water seepage, the temperature of rock sample decreases continuously, so ΔE5 < 0.



The whole process of the experiment, includes the above five energy changes. With the difference in stress state, damage degree and other conditions of rock samples, the five changes work together to cause the rise and fall of rock sample temperature.



In the process of fracture and water seepage caused by rock mass compression, the seepage of water in the rock mass will lead to a decrease in infrared radiation temperature, while the thermal elastic effect, friction thermal effect, and crack propagation thermal effect will lead to the increase of infrared radiation temperature in the rock mass. Because the temperature drop of water seepage is higher than the temperature rise of rock fracture, the infrared radiation temperature of the rock will drop rapidly when the rock is near the fracture seepage. Infrared radiation has a strong sensitivity to water, which also provides the feasibility for monitoring the rock water seepage (water inrush) of underground engineering with infrared radiation.



Figure 15 and Figure 17 show the whole process of sandstone before (fracture and water seepage) and after macro fracture development and water seepage, respectively. The microcracks on the surface of rock samples under uniaxial loading are mainly tensile cracks. For example, the microcracks on the surface of rock 0.45–2 sample first appear in the middle and late stages of loading, and gradually expand with the increase of stress, eventually forming large-scale fracture and water seepage. The authors believe this is related to the fact that the sandstone selected in this test is hard brittle sandstone. Hard rock has no obvious post-peak stage than soft rock samples such as mudstone. It is generally destroyed immediately after the peak strength, accompanied by sound. The hard rock stress-strain curves show a rapid decline after the peak stress. This type of rock strength is higher than soft rock. Most rock samples are axially split; the failure surface is nearly parallel to the axial tension failure. The specimen will not be damaged immediately after axial splitting, but also has a certain bearing capacity until a through tensile failure crack is formed in the rock. However, the water seepage in the rock sample impacts the rock’s failure form; that is, a small number of rock samples appear shear microcracks on the surface in the middle and late stages of loading, and then the water seeps out along the shear microcracks. This is because the water seepage in the rock sample has a lubricating effect on the rock particles, reduces the friction force of particle crystals for friction sliding, and thus promotes the growth of primary cracks and the generation of new cracks (tensile cracks and shear cracks). The propagation of primary cracks can induce the generation of new cracks, and local damage is easy to occur, eventually leading to shear microcracks in a few rock samples. However, the seepage effect of water in the rock mass is affected by the rock mass microstructure. The rock microstructure in different areas of underground engineering is different, even in different regions of the same rock. In future research, the authors will further study the seepage effect of water in the rock mass and the corresponding infrared radiation characteristics, in combination with the microstructure characteristics of the rock mass to finally realize the monitoring and early warning of water seepage (water inrush) in underground engineering.




5. Conclusions


To explore the infrared radiation changes in the process of sandstone fracture and water seepage and determine the corresponding infrared radiation warning threshold, this study designed the infrared radiation observation experiment of sandstone failure seepage under the coupled stress-hydro effect and evaluated the corresponding relationship among load, AIRT, IRV, and VDIIT during the experiment. The following conclusions were drawn:




	(1)

	
During the experiment, the ΔAIRT of the sample mainly showed an upward-downward trend. Among them, the compaction stage and the linear elastic stage are both rising, the fracture development stage is stable or falling, and the post-peak failure stage has an obvious downward trend.




	(2)

	
For the sample with internal water pressure lower than 0.30 MPa, ΔAIRT at the compaction and linear elastic stage has a strong power function relationship with the load. The expression is ΔAIRT = aLb, where ΔAIRT is the difference between the infrared radiation average temperature of the loaded sample and the reference sample, L is the load, and a and b are the undetermined coefficients. The correlation coefficient of the function can reach above 0.8900, which has a strong reference value.




	(3)

	
The IRV curve has a pulse jump at the time of water seepage of the rock sample, and a step jump at the fracture development and the post-peak failure stages, respectively. The VDIIT curve has a pulse jump at the time of water seepage, and there is an obvious up and down fluctuation before water seepage and fracture.




	(4)

	
Based on the Pauta Criterion, a VDIIT mutation threshold for rock fracture seepage is proposed, which is 0.00559.
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Figure 1. Experimental system diagram. 
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Figure 2. MTS electro-hydraulic servo universal testing machine. 
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Figure 3. Air compressor. 
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Figure 4. Infrared thermal imager. 
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Figure 5. Sample manufacturing process. (a) Borehole sandstones; (b) Steel pipes; (c) Perforated iron plates; (d) Finished samples. 
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Figure 6. Details of samples. 
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Figure 7. Infrared thermal image of rock sample. 
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Figure 8. Experimental data of sample 0–1. 
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Figure 9. Experimental data of sample 0–3. 
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Figure 10. Experimental data of 0.30–2 sample. 
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Figure 11. Temperature change in each stage. 
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Figure 12. Data of each sample in the compaction and elastic stages. (a) 0–2 sample; (b) 0–3 sample; (c) 0.30–2 sample. 
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Figure 13. Fitting curve of each sample. (a) 0–2 sample; (b) 0–3 sample; (c) 0.30–2 sample. 
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Figure 14. IRV of 0.45–2 sample and other related data. 
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Figure 15. Water seepage diagram of 0.45–2 sample before and after 340 s. 
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Figure 16. VDIIT of 0.45–2 sample and other related data. 
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Figure 17. Macro crack development and fracture water seepage process of 0.45–2 sample before and after 552 s. The red circle represents the location of fracture development. 
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Table 1. Main characteristic parameters of the air compressor.






Table 1. Main characteristic parameters of the air compressor.





	Item
	Parameter
	Item
	Parameter





	Size
	45 × 19 × 45 cm
	Speed
	2800 r/min



	Matching power
	980 W
	Rated exhaust pressure
	0.7 MPa



	Overall weight
	14 kg
	Volume of air storage tank
	8 L
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Table 2. Main Characteristic Parameters of Infrared Thermal Imager System.
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	Item
	Parameter





	Thermal sensitivity
	0.02 °C;



	Thermal resolution
	50 mK



	Measuring band
	7.5~14 μm



	Lens
	F1.0



	Standard calibration range
	−40~1200 °C



	Pixel
	2048 × 1536



	High acquisition rate
	240 Hz
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Table 3. Experimental grouping.






Table 3. Experimental grouping.





	
Water Pressure

	
Sample Number

	
Water Pressure

	
Sample Number

	
Water Pressure

	
Sample Number

	
Water Pressure

	
Sample Number






	
0 MPa

	
0–1

	
0.15 MPa

	
0.15–1

	
0.3 MPa

	
0.30–1

	
0.45 MPa

	
0.45–1




	
0–2

	
0.15–2

	
0.30–2

	
0.45–2




	
0–3

	
0.15–3

	
0.30–3

	
0.45–3
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Table 4. Function fitting parameters of ΔAIRT and load of some samples.
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	Sample
	Function Correlation Coefficient
	A
	B
	Standard

Deviation





	0–2
	0.9063
	−0.36895
	−0.09505
	6.429%



	0–3
	0.9623
	0.06149
	0.15406
	2.705%



	0.30–2
	0.8924
	−0.70989
	−0.02894
	2.517%
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Table 5. Water seepage (water inrush) threshold of sandstone samples.






Table 5. Water seepage (water inrush) threshold of sandstone samples.





	Sample
	Upper Threshold
	Lower Threshold





	0–1
	0.00559
	0.00367



	0–2
	0.00683
	0.00455



	0–3
	0.00566
	0.00368



	0.15–1
	0.00644
	0.00401



	0.15–2
	0.00561
	0.00383



	0.15–3
	0.00697
	0.00487



	0.30–1
	0.00658
	0.00434



	0.30–2
	0.00654
	0.00427



	0.30–3
	0.00567
	0.00362



	0.45–1
	0.00575
	0.00376



	0.45–2
	0.00798
	0.00048



	0.45–3
	0.00562
	0.00360



	Average value
	0.00627
	0.00372
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