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Abstract

:

In order to study the damage mechanism of fissure-grouted rocks in abandoned mine pumped storage, uniaxial compression tests were conducted using fissure-grouted rock specimens after dry and wet cycles. Additionally, acoustic emission sensors were used to track the damage of the rock specimens. The results demonstrate a negative correlation between peak strength and elastic modulus and a linear decrease in wave velocity and the mechanical characteristics of the fracture-grouted rock specimens with increasing dry and wet cycles. As the number of dry and wet cycles increased, the deterioration of the fracture-grouted specimens significantly decreased, and the internal microstructural adjustment of the specimens gradually leveled off. A rock constitutive model considering deterioration due to the dry–wet cycle is introduced, and the stress–strain curves under different dry and wet cycles are fitted. The model, which also accurately shows the mechanism of damage to prefabricated fissure-grouted rock specimens after dry and wet cycles, better characterizes the damage development law of prefabricated fissure-grouted rock specimens under the influence of dry and wet cycles.
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1. Introduction


In order to increase the capacity of abandoned mine tunnels for storing water, perimeter rock impermeability modification is initially necessary for the development of pumped storage projects in abandoned mines. Moreover, as a result of excavation, support, reciprocal loading, and other unfavorable effects, underground engineering has been disturbed, resulting in an abandoned mine underground space with complex multi-scale, multi-morphic characteristics. In the practice of underground space engineering, fractured rock is a common cleft-rock-bearing state [1,2]. When exploring the storage capacity of the groundwater reservoir after impermeability modification, one cannot avoid studying the effect of water circulation of the fissure-containing grouted rock [3]. A theoretical foundation and key physical and mechanical parameters can be provided by revealing the impact of water on the characteristics of crack-injection rock.



Numerous academics have updated and improved their studies on the impact of dry and wet cycles on the mechanical characteristics of rocks using techniques, such as indoor rock tests [4,5,6,7], microscopic perspective studies [8,9], numerical simulation [10,11,12], and hydration reactions [13,14]. Wang Wei [15], Chai Shaobo [16], and Majeed Y. et al. [17] based on indoor water–rock cycle tests, found that water–rock action leads to a reduction in the compressive strength and elastic parameters of rocks. Verstrynge E. [18], Jian Xiong [19] and Zhanping Song [20] considered changes in the pore structure of shale rock samples under water–rock action from a microscopic point of view, and the structure of large pores in shale increased in complexity after water–rock action. Cuisinier O. [21] and Wang et al. [22] carried out indoor experiments on samples under the action of different wetting–drying cycles and analyzed the effect of a changing number of wetting–drying cycles on the stress–strain relationship of samples. Tanikawa, W. [23] used nitrogen and distilled water as pore fluid to conduct an effective pressure cycling test at room temperature and measured the intrinsic permeability of rocks. Zhe Qin et al. [24] analyzed the changes in rock fine structure by scanning electron microscopy (SEM) to study the fine damage to rocks caused by intrusion of water cycles. In a previous study on fractured rocks [25], it was found that using real rock specimens containing fractures for grouting reinforcement may result in the grouting effect being affected by a variety of factors; this is due to the fact that the damage form of each rock specimen is generally similar, the fracture morphology cannot be accurately controlled. Therefore, this experiment used rock specimens for prefabricated fixed morphological fractures.



In conclusion, specimens of muddy sandstone, used to create the prefabricated fractures, were chosen for the investigation. The fracture specimens were strengthened by grouting, put through several water-immersion test cycles, and then had their mechanical properties tested on rock samples to see how different control groups fared. The aim of this study was to investigate the degradation law of the mechanical properties of specimens of fracture-grouted rock under the influence of water and to expose the deterioration process of such specimens. The findings could serve as a guide for assessing the stability of pumped storage underground reservoir systems in mines and for researching how surrounding rock grouting and underground water infiltration are deteriorating.




2. Materials and Methods


2.1. Materials


Muddy sandstone was chosen for the test. First, the specimen was processed into a standard specimen of size φ50 mm × 100 mm; then, it was processed into a specimen with a single penetration fissure of uniform roughness. Crack size was 20 mm × 2 mm and the angle 45° [26]. The experiment utilized a 1:1 water-to-cement ratio to regulate the cement slurry. Finally, grouting of rock specimens was performed using a triple-integrated grouting performance test device for rock specimens containing cracks [18], as illustrated in Figure 1. Because the lower reservoir of pumped storage needs to undergo dry and wet cycles for a long time, the number of cycles of equal difference can only explore the deterioration of the samples in the early stages of dry and wet cycles, which is not conducive to exploring the overall law. Therefore, this test was divided into 4 groups of control tests according to the number of dry–wet cycles: 0 (whole drying), 5, 10, and 20 times. Each group had five samples for repeat testing in order to increase the reliability of the test results.




2.2. Test Program


The following experimental protocol was developed to investigate the deterioration of fissure-grouted specimens by circulating water. The specific process can be divided into the following five steps (Figure 2 shows the technical route).



	(1)

	
Specimen preparation and maintenance, as outlined in Section 2.1.




	(2)

	
Dry and wet cycle specimens: The dry–wet cycle test of rock samples is divided into drying and soaking stage. The soaking stage test is conducted using a homemade immersion bucket and a 2RS-1 vacuum pump, whereas the drying stage test is conducted in an oven. The fissure-grouted rock specimens were treated with 0, 5, 10, and 20 wet and dry cycles. The duration of immersion and drying was chosen to be 8 h to simulate the operation time of pumped storage in abandoned mines [27]. In addition, the tests were conducted using evacuated water immersion and complete drying in an oven to amplify the effect of the wet and dry cycles on the rock specimens. One dry and wet cycle is defined as: the fissure-grouted rock specimen is dried in a constant temperature and humidity oven at 60 °C for 8 h, and then the specimen is placed in an immersion bucket [28,29]. According to GB/T23561.5-2009 [30] preparation for water-filled specimens, a vacuum pump is used to continuously extract the air in the tank for 1 h, and the specimens are soaked for 8 h [31]. The fissure-grouted rock specimen is periodically weighed throughout the soaking stage. When the weight of the sample stops unchanged, the fissure-grouted rock sample is considered saturated with water.




	(3)

	
The HC-U81 concrete ultrasonic tester was used to measure the wave velocity of rock specimens following the effects of dry and wet cycles. Wave velocity tests were conducted on specimens with various damage characteristics. Petroleum jelly was applied to the fissure of grouting rock specimen’s surface before measuring the wave velocity to ensure that the metal probe of the wave velocity meter fits snugly against the specimen. The wave velocity of the fracture-grouted rock specimen was measured using the compressional metal probe numerous times. Moreover, the average result was utilized to obtain the final wave velocity measurement.




	(4)

	
Rock specimens’ uniaxial compression mechanical characteristics following dry and wet cycles: The device used for the uniaxial compression test is the RMT-150B Rock Mechanics Test System developed by the Wuhan Institute of Geotechnics, Chinese Academy of Sciences. The axial displacement was controlled using the displacement transducer that came with the mechanical test system. Uniaxial compression tests are all loaded in a displacement-controlled manner and continuously loaded until the rock sample is completely destroyed, and the crushed specimens are collected after the experiments are completed.




	(5)

	
Rock specimens following dry and wet cycles are tested for acoustic emission: During the uniaxial compression test, the DS5-8B full-information acoustic emission signal analyzer was used to record the acoustic emission signal during the test, with the acquisition threshold set at 40 dB. A full-information acoustic emission signal analyzer is activated after the uniaxial compression starts loading to collect acoustic emission data until the fracture-grouted rock specimens rupture.








2.3. Methods


Reference [32] considered the damage of rock specimens undergoing wet and dry cyclic action. Therefore, the definition of damage variables in this study also includes the initial damage. Drawing on reference [33], a rock damage evolution equation based on the effect of dry and wet cycling was established to define the initial damage value of the fracture-grouted rock after experiencing dry and wet cycling D. The formula is shown as follows:


  D = 1 −  D t  − exp [ −  1 m    (  ε   ε d    )  m  ] ,  



(1)






   D t  =    σ c     σ d    ,  



(2)




where: ε is the strain, εd is the peak strain, σd is the peak stress, σc is the damage residual strength, and Dt is the initial damage value of the fissure-grouted rock specimen after experiencing different wetting–drying cycles.



Defining m as the material parameter, the relationship among the internal fractures, grouting material, laminae, anisotropy, and other factors and the mechanical properties of the rock in fissure-grouted rock specimens are considered comprehensively.


  m =  1  ln (  E n   ε d  ) − ln (  σ d  )   ,  



(3)







According to the principle of rock equivalent effect variation, we obtain the following:


  σ = ( 1 − D )  E n  ε ,  



(4)







The damage model of the fracture-grouted rock specimen considering the water–rock action is obtained as follows:


  σ =  E n  ε { 1 −  D t  − exp [ −  1 m    (  ε   ε d    )  m  ] } ,  



(5)









3. Results and Discussion


3.1. Wave Velocity Degradation


The rock’s acoustic velocity is a crucial indicator of the engineering rock’s physical and mechanical characteristics, as it is strongly related to the mineral composition, structure, pore space, fracture, stress condition, and others [34]. Sound waves are sent and received using pulse transceivers and probes, and oscilloscopes are used to see waveforms, time, and other information. The upper and lower sides of the test piece for the wave speed test must be uniformly coated with a coupling agent. The acoustic-wave-transmitting and -receiving probes are then positioned on the upper and lower sides of the test piece. The internal structure of the specimen can be evaluated without compromising the specimen’s integrity by measuring the amount of time it takes for the sound wave to travel through the sample. Fissure-grouted rock specimens are susceptible to varying degrees of damage from dry and wet cycles. Moreover, monitoring the wave velocity values can be a quick and easy way to visually assess the interior structural damage of fissure-grouted rock specimens.



Figure 3 displays the wave velocity values for several sets of dry and wet cycles on fracture-grouted rock specimens. The relationship between wave velocity and cycle number variation for fracture-grouted rock specimens after the action of dry and wet cycles was fitted and analyzed following the experimental data obtained from acoustic velocimetry. Moreover, the exponential relationship obtained between the two was very obvious. The fitted relationship equation is as follows:


  y = 926.54  e  −  n  26.18     + 1248.93 ,  



(6)







As the quantity of dry and wet cycle operations increased, the wave velocity values of cracked-grouted rock specimens continuously dropped. The internal structure of the fracture-grouted specimens underwent numerous different alterations as a result of the dry and wet cycles occurring on the specimens. After the first 10 dry and wet cycles of action, the wave velocity rapidly decreases, primarily because of internal microstructural adjustment of the specimen, chemical erosion and dissolution, water swelling, erosion and expansion, and minute particle carryover [35], as shown in Figure 4. At this point, the fluid’s dragging force acting on the particles causes the fracture-grouted rock specimen to dissolve, lubricate, and soften. Hence, the rock sample’s porosity increases quickly, new fractures appear, and the rock-bearing state declines sharply, all of which cause the wave speed value to rapidly decrease. Moreover, after the last 10 wet and dry cycles, the amplitude of the wave velocity decrease in the crack-grouting sample is evidently weakened, and at this time, the microstructure adjustment inside the specimen gradually became smooth. Furthermore, the hydration reaction inside the fissure-grouted specimen gradually ended as well as the full reaction of cement components, and the influence of fluid on the particles became smooth. Then, the specimen entered the stable stage of water swelling, and the water swelling deformation gradually became stable with the growth in the number of cycles [36]. Therefore, at this time, the wave velocity value of fracture-grouted rock specimens shows a trend of slow decrease.



According to the fitted relationship, the average wave velocity for specimens after 50, 100, 200, and 300 dry and wet cycles is 1386, 1269, 1249, and 1248 m/s, respectively. The impact of dry and wet cycles on fissure-grouted rock specimens decreases with an increase in the number of cycles until it eventually has no effect on the specimens’ quality. Therefore, in this study, the number of dry and wet cycles of rock is mainly set at the stage of severe sample deterioration.




3.2. Degradation of Mechanical Properties of the Specimen


Table 1 displays the mechanical characteristics of the fissure-grouted rock specimens following dry and wet cycling. Figure 5 depicts the stress–strain curves of typical fissure-grouted rock specimens. As can be seen, each rock specimen’s stress–strain curve displays a typical five-stage state.



Pore-fracture-compacting stage (A section): At the beginning of stressing, the initially opened structural surface or microfractures inside the specimen gradually closes, and the specimen is compacted, resulting in an early nonlinear deformation and an up-concave stress–strain curve.



Stage of elastic deformation (B section): Nearly straight stress–strain curve. The elastic modulus of the fissure-grouted rock specimens is inversely proportional to the number of dry and wet cycles, as shown in the figure, where the slope of the straight line segment drops as the number of dry and wet cycles increases.



Stage of stable crack formation (section C): Although fresh microfractures begin to form inside the specimen and the slope of the stress–strain curve starts to decline with increasing stress, the microfractures are regulated by the applied load and progress in a steady state. The crack begins to steadily grow at the C section stage. The specimen begins to exhibit the expansion phenomenon from the C section as a result of the volume strain curve departing from a straight line and the volume of the inelastic component of the specimen growing.



Cracks in the non-stable development stage (D-segment): The stress–strain curve is upwardly convex, and the formation of microcracks inside the specimen changes qualitatively as they grow until the specimen is entirely destroyed. The radial and volumetric strain rates rise quickly as the specimen’s volume changes from decreasing to grow. At this point, the stress is at its peak. Figure 6 shows the sample failure.



After the specimen reaches its maximum strength, its internal structure is harmed. Fractures in the specimen develop quickly, cross each other, and come together to produce a macroscopic fracture surface, but the specimen essentially stays intact, which is the post-rupture phase (segment E). The bearing capacity of the specimen then rapidly decreases with the increasing strain but does not reach zero, suggesting that the specimen still has some bearing capacity after rupture. The specimen deformation is then mostly expressed as a block slide along the macroscopic fracture surface.



Additionally, the fissure-grouted rock specimens showed a considerable drop in uniaxial compressive strength after performing dry and wet cycles after comparing the uniaxial compressive strength of each specimen. After the initial few dry and wet cycles, this difference in intensity was particularly noticeable. When compared with the elastic modulus of each specimen of fissure-grouted rock in Table 1, the elastic modulus of the specimen lowers when more dry and wet cycles are applied to the specimens. Moreover, the declining trend becomes flat as the number of dry and wet cycles rises, as shown in Figure 7. The elastic modulus of each fissure-grouted rock specimen was calculated using the experimental data from uniaxial compression experiments. The relationship between the elastic modulus En and the number of cycles n of the fissure-grouted rock specimens after water–rock action was then fitted and analyzed. The fitted relationship equation was derived as follows:


   E n  = 2  . 14   e  −  n  9  . 79      + 2  . 39  ,  



(7)







This case is consistent with the fracture–grouted rock specimen deterioration described in Section 3.1. The total degree of deterioration in the uniaxial compressive strength and elastic modulus of the fissure–grouted rock specimens steadily increases. Moreover, the stage degradation gradually reduces as the number of dry and wet cycles increases. Comparing the changes in elastic modulus and uniaxial compressive strength, the degradation of the elastic modulus caused by dry and wet cycling is more evident than that of uniaxial compressive strength.




3.3. Specimen Acoustic Emission Characterization


The evolution of crack production, dispersion, extension, and penetration in the rock is found to be correlated with the fluctuation in cumulative ring count [37]. Therefore, the cumulative ringing count is utilized as a starting point to examine how fracture–grouted rock specimens are damaged and destroyed. Figure 8 displays the acoustic emission ring counts and stress curves over time for fracture–grouted rock specimens under uniaxial compression with varying numbers of dry and wet cycles.



The image illustrates how closely the stress–strain curves of the fracture-grouted rock specimens and the acoustic emission ringing count curves correspond. When the rock sample’s axial stiffness gradually increases, the ringing count decreases and the acoustic emission signal primarily has a low amplitude at the beginning of loading [38]. A minor amount of low-energy acoustic emission is produced during the closing process of the original crack within the fracture-grouted rock specimen, including during the destruction of a portion of the rough surface after closure and the slide between the surfaces of the closed fissures. At this time, the fracture-grouted rock specimen is in the pore-fracture-compacting stage, producing nonlinear deformation. The primary microcracks inside the fissure-grouted rock specimen have essentially closed. The fissure-grouted rock specimen enters the elastic stage with the test loading, and the acoustic emission signal steadily grows and intensifies. When the load steadily grows, cracks start to appear and expand, and the cumulative and auditory emission ringing counts progressively start to be active. As the loading continues, the interaction between cracks begins to intensify, and the microcracks coalesce, penetrate, and gradually form macroscopic cracks [37,39]. Near the stress peak, the acoustic emission activity is exceptionally vigorous, and the acoustic emission ringing count is at its highest.



The overall trend of the cumulative acoustic emission ringing counts of the specimens after 10 and 20 cycles is clearly different from the overall trend of the cumulative acoustic emission ringing counts after 0 and 5 cycles. With an increase in the number of wet and dry cycles, the acoustic emission ringing count peak increases significantly, which makes the cumulative acoustic emission ringing count jump significantly when the fractured-grouted rock specimen is damaged. The dry and wet cycling effect greatly reduces the integrity and stability of the specimen by reducing the fissure-grouted rock specimen. Moreover, the microcracks of the fissure of the grouting rock specimen are more easily sprouted, expanded, lapped, and connected. The continuous wet and dry cycles lead to a gradual increase in microcrack activities within the specimen and a gradual and evident development of damage to the specimen [40].




3.4. Discussion


Equation (1) was used to match the damage–strain curves of fracture-grouted rock specimens during various dry and wet cycles, as shown in Figure 9. The damage growth of fracture-grouted rock specimens tends to slow down as the number of dry and wet cycles rises, which also denotes a change from brittle to ductile rock quality. With the entire process of tight closure of primary cracks in the initial stage of fissure-grouted rock specimens, stable extension of cracks in the elastic stage, and unstable extension of cracks in the elastic–plastic stage to the appearance of macroscopic cracks until damage, the strain–damage relationship of fissure-grouted rock specimens exhibits a good echo of the evolution of damage variables. The time of rapid expansion for damage variables in fracture-grouted rock specimens progresses and the process of damage to the specimens be-comes quick as the number of dry and wet cycles steadily rises. For 20 cycles, the damage of the fracture-grouted rock specimens increased more quickly, with the damage variable rapidly rising to 0.8 at a strain of 0.0075. With five cycles of fracture-grouted rock, the damage growth in rock specimens was slower. The damage progression of the cracked grouted rock specimens in the preceding test section during various dry and wet cycles was verified. The fissure-grouted rock specimen did not tend to be completely damaged because the fissure-grouted rock specimen itself was damaged after the specimen was close to failure, and the higher strength portion of the damage no longer developed.



Figure 10 shows the theoretical stress–strain curves of fracture-grouted rock specimens with various numbers of dry and wet cycles and test curves in accordance with Equations (5) and (7). The damage model of fracture-grouted rock specimens considering water–rock action indicated in Equation (5) is more logical, as shown by the test curves’ overall agreement with the theoretical curves. After dry and wet cycle action, the model may depict the damage evolution process of fracture-grouted rock specimens.





4. Conclusions


In this study, uniaxial compression tests were conducted on fracture-grouted rock specimens after different numbers of wet and dry cycles by simulating the operation circumstances of the abandoned mine pumped storage. The test was carried out to investigate the rock damage mechanism of the roadway. The mechanical and acoustic properties of the specimens were also analyzed and studied, with three main conclusions:




	(1)

	
The wave velocity, peak strength, and elastic modulus of the fissure-grouted rock specimens decrease in a linear connection as a result of wet and dry cycle action on the rock specimens. This linear relationship is negatively connected with the number of wet and dry cycles. Additionally, the reduction rate slows down as the quantity of wet and dry cycles rises, indicating that the impact of wet and dry cycles on specimens of fracture-grouted rock gradually diminishes.




	(2)

	
The damage variables after wet and dry cycling can better reflect the damage evolution process of rock specimens after wet and dry cycling; the change in damage variables went through a smooth phase, a slowly increasing phase, and a steeply rising phase, which is consistent with the change law of the stress–strain curve.




	(3)

	
A damage intrinsic model for fracture-grouted rock specimens is introduced, considering the impact of wet and dry cycles. The model uses the rock material parameters m to reflect the impact of rock fractures, laminations, anisotropy, and other characteristics on its mechanical properties. The established damage constitutive model can describe the damage characteristics of the surrounding rock of the abandoned mine pumped storage, and can provide a model reference for the understanding of the instability mechanism of the abandoned mine pumped storage.
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Figure 1. Schematic representation of the specimen and initial specimen diagram. 
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Figure 2. Test flowchart. 
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Figure 3. Wave velocity values of rock specimens of fracture–grouted rock with different groups of wetting–drying cycles. 
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Figure 4. Coupling damage and pore space changes in fracture-grouted body during wetting–drying cycles. 
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Figure 5. Stress–strain curves of typical fracture–grouted rock specimens under different numbers of wetting–drying cycles. 
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Figure 6. Failed specimens under different cycles. (a) 0 cycles. (b) 5 cycles. (c) 10 cycles. (d) 20 cycles. 
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Figure 7. Modulus of elasticity of fracture–grouted rock specimens under different numbers of wetting–drying cycles and fitting. 
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Figure 8. Acoustic emission characteristics of uniaxial compression of fracture-grouted rock specimens with different numbers of wetting–drying cycles. (a) 0 cycles. (b) 5 cycles. (c) 10 cycles. (d) 20 cycles. 
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Figure 9. Strain–damage fitting curves of fracture-containing grouted rock specimens under dry and wet cycles. 
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Figure 10. Theoretical stress–strain curves of fracture-grouted rock specimens with different numbers of dry and wet cycles. (a) 0 cycles. (b) 5 cycles. (c) 10 cycles. (d) 20 cycles. 
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Table 1. Mechanical properties of crack-grouting rock specimen under uniaxial compression under wetting–drying cycles.
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	No.
	Number of Cycles
	Peak Strength (MPa)
	Peak Strain

(%)
	Modulus of Elasticity

(GPa)





	A–1
	0
	16.68
	0.716
	3.683



	A–2
	0
	21.68
	0.685
	4.581



	A–3
	0
	18.29
	0.609
	3.183



	A–4
	0
	18.01
	0.669
	5.73



	A–5
	0
	15.36
	0.752
	5.46



	B–1
	5
	18.63
	0.599
	3.69



	B–2
	5
	12.59
	0.626
	3.166



	B–3
	5
	11.74
	0.406
	4.206



	B–4
	5
	12.87
	0.617
	3.298



	B–5
	5
	12.54
	0.624
	4.338



	C–1
	10
	20.60
	0.673
	3.88



	C–2
	10
	16.67
	0.905
	2.436



	C–3
	10
	18.71
	0.818
	3.346



	C–4
	10
	16.09
	0.698
	3.076



	C–5
	10
	14.73
	0.666
	2.816



	D–1
	20
	17.88
	0.678
	2.546



	D–2
	20
	16.88
	0.615
	3.508



	D–3
	20
	15.86
	0.669
	2.882



	D–4
	20
	16.37
	0.715
	2.958



	D–5
	20
	10.30
	0.824
	1.575
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