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Abstract

:

Understanding the asperity damage behaviors of joints during shearing is critical for evaluating the stability of deep underground engineering structures. In this paper, we prepared plaster joints and used them for direct shear tests under different normal stiffness (0–7 MPa/mm) and various shear rate (0.5–20 mm/min) conditions. The effects of normal stiffness and shear rate on mechanical behavior and AE characteristics were studied. With the increase of normal stiffness, the damaged area of the surface of the joint and the weight of the damaged, rough body basically show a linear increase. With the increase of the shear rate, the peak shear stress and the final shear stress of the joint are non-linearly decreased (the decrease rate at the shear rate of 0.5–5 mm/min is much larger than that at the shear rate of 5–20 mm/min), more local cracks appear on the surface of the joint, and the dilatancy of the joint slightly decreases. More than 60% of the acoustic emission signals in the shearing process of the joint are concentrated in the post-peak phase. With the increase of normal stiffness, the cumulative number of acoustic emission impacts and cumulative energy both increase. With the increase in shear rate, the accumulated acoustic emission impact number decreases, and the accumulated AE energy tends to increase when the shear rate is 0.5–5 mm/min and decreases when the shear rate increases to 5–20 mm/min.
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1. Introduction


Different discontinuous structural planes exist in rock masses, including joints, beds, faults, and fissures. In most cases, the existence of discontinuities weakens a rock mass, which significantly affects its mechanical behavior and influences the safety of geotechnical structures like underground works and excavations in slopes [1,2,3,4,5]. At present, lots of previous researchers [6,7,8,9,10] have investigated the shear behavior of joints through experiments and numerical simulations in terms of shear strength, shear failure characteristics, and changes in fracture permeability. Studies by many scholars [11,12] show that the degradation of joint surface roughness is one of the main reasons for the change in joint shear characteristics. Therefore, it is important to accurately describe the degradation of joint surface roughness during shearing.



Acoustic emission (AE) technology can dynamically and non-destructively monitor micro-failure signals of rock and has been widely used in the study of joint surface roughness degradation law. For example, Moradian et al. [13] applying the AE technique, characterized the location of an asperity failure zone and the failure intensity in a joint surface during shearing. Their results reveal that the AE method provides sufficient precision to capture the asperity damage process. Meng et al. [14] performed a direct shear to look at the effect of normal stress on the AE indicators of joints. It indicated that the AE energy rate of joints was more active under a high normal stress condition. Chai et al. [15] identified and predicted fatigue crack growth (FCG) of 316LN stainless steel under various tension proportions by drawing out several AE specifications from AE waves and associating AE indicates with FCG under various tons proportions. The study of Muir et al. [16] found that there were encoded features in the frequency domain of waveform which linked acoustic emission with damage mode. Wang et al. [17], by embracing the electronic picture correlation, showed a collection of heterogeneous CJB designs were developed. The constant fracture procedure and acoustic emissions are caught numerically under differing side pressures. The load contours under different joint range proportions and design limits are evaluated. Gong et al. [18] have studied the influence of rock heterogeneity and cylindrical irregularity on the AE energy evolution of CJB faults under lateral pressure. Wang et al. [19] studied the non-linear mechanical response and failure mechanism of articulated cylindrical basalt with transversal joints using a meso-mechanical model, statistical damage theory, and continuous mechanics. Jiang et al. [20] used AE to analyze the damages development system of joints under various roughness as well as normal stress. Liu et al. [21] used acoustic emission signal data to put forward shear failure and tensile failure judgment criteria and systematically analyzed the time and type of joint failure in the shear process. However, this aforementioned research has targeted the joints sheared beneath constant normal loading (CNL) boundary conditions. This boundary condition is only applicable to surface or shallowly buried works for deep underground engineering conditions. However, the normal stress of the joints may be changed due to the stiffness of the surrounding rock. Under this scenario, the constant normal stiffness (CNS) status is more suitable than the CNL condition [22,23,24]. To date, few studies have studied the AE qualities of the sheared joints beneath CNS circumstances. Rim et al. [25] investigated the AE characteristics of artificial joints during shear under CNS conditions. However, the AE characteristics of joints under variations of normal stiffness were not presented. Liu et al. [8] analyzed AE signals during joint cyclic shear, and the results showed that the accumulated AE energy gradually decreased with the increase in the number of cycles. It indicated that a high normal stiffness could significantly increase the number of AE signals. However, the relationship between failure modes of joint surfaces and AE characteristics has not been further discussed.



Additionally, under the action of vibrant tons such as quake, blasting, and mechanical resonance, the architectural plane will create shear motion at various rates [26,27,28]. According to Ahola et al. [29], for high-level nuclear waste repositories and dam construction, more stringent design criteria should be required, and the rate-dependent mechanical behaviors of rock joints need to be taken into account. Some previous researchers have examined the factors which impact the rate-dependent shear habits of joints, including shear rate range [30], rock type [31], and normal loading rate [32]. The shear rate affects not only the shear strength of the rock joint but also the failure modes of the joint during shear. Wang et al. [33,34] investigated the rate-dependent shear actions of rough joints during shear. The outcomes suggested that the damaged areas of joints decrease with increasing shear rate, and the corresponding cumulative AE signals are inversely proportional to the shear rate. However, the above studies were only carried out under CNL boundary status.



As aforementioned, the evolution of AE characteristics for the sheared joint under CNL condition has been widely studied. However, experimental tests that consider the effect of normal stiffness and shear rate on AE characteristics of joints have yet to be conducted. In the present study, a series of CNS direct shear tests were performed on artificial plaster joints. The effects of normal stiffness and shear rate on the mechanical behavior and AE characteristics of joints are discussed.




2. Methodology


2.1. Specimen Preparation


A specimen with a size of 20 × 10 × 10 cm was cut from an intact grain granite. Then, the artificial splitting method was used to generate a fresh tensile joint. Considering the anisotropy of real rock joints, plaster joints with the same roughness are chosen to describe rock joints’ shear behaviors. The plaster reproductions were made by a mix of plaster, water, and retardant in the weight proportion of 1:0.2:0.05, which has a similar mechanical property to those of sandstone. The mechanical properties of the plaster specimen are shown in Table 1 [35], and the specimen is shown in Figure 1a,b.



The joint surface was obtained using a 3D scanning laser profile meter. Figure 1c shows the digitized joint surface. Based on scanning data, the joint roughness coefficient (JRC) was calculated using the method proposed by Tse and Cruden [36]. The calculation formula is as follows:


    Z 2  =    1   (  n − 1  )     (  Δ x  )   2      ∑   i = 1   n − 1      (   Z  i + 1   −  Z i   )   2       J C R = 32 + 32.47 log  Z 2    



(1)







In Equation (1),    Z 2    is the root mean square of slope;   Δ x   is interval between data points, mm;  n  is the number of data points on each line;    Z i    is the coordinate of each curve, mm.



Finally, the calculated JRC of the structural plane is 7.36.




2.2. Experimental System and Procedure


We used the servo-controlled direct shearing device for tests in the present research, as shown in Figure 2. This apparatus is composed of a mechanical loading system, a control system, and a data processing system. This apparatus can be servo-controlled to achieve various normal stiffness conditions with good precision. More detail of the configuration of the apparatus was reported by Jiang et al. [23].



Before the shear test, a normal stress of 2 MPa was applied to the shear case at one rate of 0.5 MPa/min. After the predetermined normal stress was reached, the required normal stiffness value was set with the LabVIEW interface on a personal computer. Then, the shear load was applied after the normal stress remained constant. The terminated shear displacement was 10 mm. During shearing, the acoustic emissions were detected with an 8-channel PAC-AE system. Four PICO sensors were employed to discern the AE single, as displayed in Figure 3. The AE sensors have an operating frequency from 200 to 750 kHz, and the full-waveform data were measured at a rate of 1 MHz. Forty dB was selected as the trigger threshold of the preamplifier. The test cases and their respective threshold conditions are shown in Table 2. For each test case, at least 2 pairs of replicas were prepared for replicate testing until fairly close results were obtained.




2.3. Experimental Design


The loading scheme adopted in the test is shown in Table 2, which is as follows: the initial normal stress (σn) is 2 MPa to simulate stress conditions of common underground tunnels, chambers, and other surrounding rocks [37]. The normal stiffness (kn) is 0,1,3,5 and 7 MPa/mm, respectively, and the shear rate (v) is 0.5 mm/min. The shear rates are 0.5, 2.5, 5,10, and 20 mm/min, respectively, and the vertical stiffness is 3 MPa/mm.





3. Shear Behaviors


3.1. Effect of Normal Stiffness


Figure 4 demonstrates the shear actions of the joint at diverse normal stiffness. As displayed in Figure 4a, for the CNL condition (kn = 0), the curves of shear stress versus displacement can be split into three stages. In stage I, the shear stress rapidly increases with a linear concern with the shear displacement up till it achieves the peak. In stage II, the curve displays stress-softening conduct, characterized by a rapid decrease in shear stress. Finally, the variation of shear stress tends to be stable at approximately 5 mm of shear displacement, indicating the residual stage has reached. Under a low level of normal stiffness (kn < 3 MPa/mm), the shear behavior shows stress-softening behavior. When the normal stiffness progresses (kn > 3 MPa/mm), the shear stress shows stress-hardening behavior, during which the shear stress increases with an increase in shear displacement.



Figure 4b shows the normal displacement versus shear displacement curves. The normal displacement decreases to negative values at initial shearing; after the minimum normal displacement is reached, shear dilation occurs until the shear displacement reaches 10 mm. The dilation was decreased by increasing normal stiffness. This is because the increase of normal stress induced by normal stiffness restrains the increment of dilation. The bows of normal stress against shear displacement are shown in Figure 4c. For CNL conditions, the normal stress remains unchanged during shear, while the variations in normal stress are proportional to the case of normal shift at the CNS status.



According to the throwing distance and throwing height, the initial velocities of the broken blocks in different throwing distances were calculated by combining the equations of the flat throwing motion, see Table 3.



Although the shear stress shows a clear peak value for joints under a low normal stiffness, there are no distinct peak values for joints under a high normal stiffness. To better understand the shear strength of plaster joints under higher normal stiffness, the curves of the surface resistance index (SRI) are used to analyze the relative shearing resistance [38]. The SRI is defined as the ratio of shear stress to normal stress. The variations in SRI against shear displacement are plotted in Figure 5a. The normal stiffness has little influence on joint SRI. The five SRI curves have little difference and almost coincide in the Ⅲ stage, while there is a separation between the shear stress peak and the Ⅱ stage, but the maximum difference is only 0.2. This is due to the reality that the shear stress addition of the joint is comparable to the normal stress increment in the shear process under CNS border conditions [38]. Figure 5b displays the peak shear stress and final shear stress of joints under various normal stiffness statuses. With the rise of normal stiffness, the peak shear stress of the joint declines slightly. This is because the normal displacement of the joint is negative in the initial shear stage, which leads to a decrease in the normal stress on the joint. The final shear stress rises linearly with the rise of normal stiffness.



After shearing, the failure modes of joints under various normal stiffness are shown in Figure 6. The white part in the figure is the rough body that was nibbled or destroyed by friction in the shearing process. In this paper, image recognition technology is used to extract the damaged part and mark it with a red line. It can also be found that in addition to the rough body failure, many local cracks will occur on the joint surface, which are marked by blue lines in the figure. The failure locations on the joint surface are generally the same, and they are all in the position with a large convex degree. However, with the rise of normal stiffness, the failure area and the number of cracks of the rough body on the joint surface increase. In order to quantitatively analyze the influence of stiffness on the joint surface failure area, the red line in the figure was imported into CAD to calculate the joint surface failure area. When the normal stiffness is 0,1,3,5 and 7 MPa/mm, the failure areas of the joint surface are 58.4, 62.35, 69.22, 72.18, and 78.26 cm2, respectively, as displayed in Figure 7. With the increase of normal stiffness, the failure area of the joint surface increases linearly. This is mainly because the greater the normal stiffness, the greater the normal stress on the joint, the greater the friction force on the joint surface, and the more easily the rough body on the joint surface is destroyed.



After the test, the gnawed rough body and friction-based fine powder on the joint surface were collected and weighed to obtain the joint failure rough weight under diverse normal stiffness statuses, as displayed in Figure 7. When the normal stiffness is 0,1,3,5 and 7 MPa/mm, the weight of the joint failure rough body is 9.88, 11.24, 17.74, 20.02, and 24.35 g, respectively. With the increase of normal stiffness, the weight of joint failure roughness increases linearly.




3.2. Effect of Shear Rate


The stress and displacement curves of joint shear under diverse shear rates are displayed in Figure 8. With the rise of the shear rate, the shear stress bend of joints gradually moves downward, indicating that the larger the shear rate is, the shear strength of joints gradually decreases. This is mainly due to the joint surface roughness deformation failure and the different contact forces caused by it. When the shear rate is small, there are more time transfer forces in the shear process of the joint, which can fully mobilize the shear performance of the joint. However, when the shear rate is large, the shear process time is short, and the force is mainly concentrated on the part of the rough body that fails to transfer in time. The shear stress curve under different rates has the same trend of change, which is also divided into three stages, that is, within a small shear displacement (0.372–0.74 mm), the shear stress rapidly rises to the peak, after the peak, the shear stress decreases slightly, and then rises steadily. However, the corresponding shear displacement range of each stage of the shear stress curve is different with different shear rates. With the rise of the shear rate, the range of stage Ⅰ is smaller; that is, the corresponding peak shear displacement is smaller. This is mainly caused by the decrease of joint peak strength and shear stiffness with the rise of shear rate [39]. In the Ⅱ stage, the smaller the shear rate is the slower the shear stress curve of the joint drops, which indicates that the smaller the shear rate is in this stage, the less the surface roughness failure of the same shear displacement. Then, under the action of constant normal stiffness, the shear stress gradually rises, and when the shear displacement is greater than 7 mm, the slope of the five shear stress curves under different shear rates is similar, but when the shear displacement is greater than 7 mm, the shear stress curves with shear rates of 5.0, 10.0 and 20.0 mm/min gradually flatten out. The shear stress of joints basically no longer rises, while the shear stress curves continue to rise when the shear rate is 0.5 and 2.5 mm/min, which again confirms the view that the greater the shear rate, the more serious the roughness failure of the surface.



Figure 8b shows the curves of normal joint displacements and shear displacements under different shear rates. The shear rate is roughly inversely proportional to the joint dilatancy value; that is, the joint dilatancy gradually decreases with the increase of shear rate, but the influence is limited, and the maximum difference is less than 0.1 mm. Figure 8c displays the normal stress-shear displacement curves of joints at different shear rates. It can be seen from the figure that the influence law of shear rate on the normal stress of joints is consistent with that of joint dilatancy. This is because, under the status of CNS, the normal stress of the joint is mainly caused by the joint dilatancy control, as shown in reference [22].



The peak shear stress and final shear stress of joints under different shear rates were counted in Figure 9. The peak shear stress, final shear stress, and shear rate of the joint are obviously power functions (the exponent is negative). When the shear rate is between 0.5 mm/min and 5 mm/min, the peak shear stress and final shear stress falling rate of the joint are much higher than those when the shear rate is between 5 mm/min. This result is consistent with that of Atapour et al. [31], Tang et al. [32], and Wang et al. [33]. This indicates that when the shear rate reaches a certain value, its effect on the shear strength of the joint is no longer significant.



Figure 10 shows the surface failure diagram after joint shear at diverse shear rates. When the shear rate is 0.5–5 mm/min, the joint failure area has little difference, but when the shear rate is 5–20 mm/min, the joint failure area increases obviously. This is caused by the different shear rates and the different contact times of the rough body of the above and below joints, which leads to the different deformation degrees of the rough body. When the shear rate of the joint is low, the rough body on the steep joint surface has enough time to deform during the shear process, and the joint can climb and slide along these rough bodies, and the failure mostly occurs at the convex tip. However, when the shear rate is high, the deformation time of the joint rough body is short, and the force cannot be transferred, which is easy to cause the shear force to concentrate only on the part of the rough body, resulting in the gnawing of these rough bodies from the root. Moreover, since the rock-like specimens made of gypsum are brittle [40] when the rough body is gnawed, it even drives the nearby rough bodies to fall off together. As a result, when the shear rate is high, the rough body is broken on a large scale.



Figure 11 shows the joint failure area and the weight of the damaged, rough quilt under different shear rates. When the shear rate is 0.5–5 mm/min, the joint failure area has little difference, which are 69.22, 71.06, and 69.35 cm2, respectively. Similarly, there was no significant difference in the roughness weight of joint failure, which was 17.74, 18.11, and 18.39 g, respectively. When the shear rate increases to 5–20 mm/min, the joint failure area and the joint failure rough weight increase significantly, and the joint failure area is 75.89 and 82.11 cm2, respectively. The joint failure rough weights were 20.06 and 25.24 g, respectively. This also indicates that the joint roughness has less failure when the shear rate is small (0.5–5 mm/min) but larger failure when the shear rate is enormous (5–20 mm/min). With the rise of the shear rate, the failure area of the joint surface and the weight of the failure roughness increase nonlinearly.





4. AE Characteristics


4.1. Effect of Normal Stiffness on AE Characteristics of the Sheared Joints


During joint shearing, the source of AE signals mainly comes from asperity degradation, including the breaking, rolling, squashing, and moving of asperities on the joint surface. Figure 12 and Figure 13 show the evolution of AE signals and the accumulative AE signals for joints undergoing shear under various normal stiffness, respectively. The AE energy is defined as the area enclosed by the signal envelope (unit of voltage is mv) and axial of abscissas (unit of time is us), which represents the relative intensity of AE signals. In the pre-peak stage (Stage I), the AE signals are relatively quiet at the initial shear stage (approximately 0.7 times the peak shear displacement) due to the elastic deformation of asperities. In this phase, the accumulative AE energy is almost negligible. With the further increase of shear displacement, the AE impact signal increases rapidly and peak at the maximum shear stress. This is because when the shear stress reaches the peak, the surface roughness of the structural plane is chewed off in a large number of moments. Then, as the shear continued, the acoustic emission impact signal began to decline in the Ⅱ stage. However, the acoustic emission impact signal remained at a high level because there were still rough bodies on the surface of the structural plane at this stage. Finally, in the Ⅲ stage, there is almost no nibbling failure on the surface of the structural plane, and the AE impact signal is generated by the friction of the structural surface, so the AE impact signal is maintained at a low level. It must be noted that in the post-peak stage, there are still relatively high values of AE impact signals, which may be caused by the secondary crushing of some nibbled bulges. These results are consistent with those of Meng [12] and Wang et al. [33].



The joint acoustic emission energy signal and acoustic emission impact signal have the same development trend, which will not be repeated here. By comparing the AE energy signals at the post-peak stage under different normal stiffness conditions, it can be found that when the normal stiffness is higher, the more AE energy signals the joint is, the denser it will be. This also confirms the phenomenon that the larger the normal stiffness is, the larger the failure range of the joint surface and the greater the weight of the damaged, rough body.



In order to further analyze the AE response characteristics in the process of structural plane shear, the AE impact number, and energy at the peak of shear stress, as well as the AE impact number and energy in each stage of the process of structural plane shear, were counted. Meanwhile, the cumulative AE impact number and energy in the whole process of shear were also counted. The percentage of AE signals generated in each stage of the shearing process was obtained, as shown in Table 3. The acoustic impact signal generated in the Ⅰ stage is less than 12.8% of the total signal, which further indicates that most of the rough structure of the structural plane has elastic deformation, and only a few damages occur in this stage. The AE impact signals at the peak of shear stress are not different, and there is no obvious rule. In the Ⅱ stage, more than 61.5% of AE signals were detected, indicating that a large number of structural plane failures occurred in this stage. With the rise of normal stiffness, the AE signal ratio of the Ⅱ stage increases. It is confirmed that more structural plane failure occurs under high normal stiffness conditions. In the Ⅲ stage, the AE signal is lower than 27.8%, which is significantly lower than that in the Ⅱ stage, because the main source of the AE signal is the friction of the structural plane, and there is no large number of gnawing failure of the rough body. Similarly, as the normal stiffness increases, the AE signal ratio also increases.




4.2. Effect of Shear Rate on AE Characteristics of Joints


Figure 14 and Figure 15 show the acoustic emission signals during the shear process of the structural plane under the condition of normal stiffness of 3 MPa/mm and a shear rate of 0.5–20 mm/min. Under different shear rate conditions, AE signals have the same variation trend, but the data volume of AE signals is different; that is, the AE signal histogram with a small shear rate is finer and denser, while the AE signal histogram with a large shear rate is thicker and thinner. This is because the shear rate is different and the shear time is different, resulting in different amounts of AE data monitored. When the shear rate is high (10–20 mm/min), the loudest emission energy appears after the shear stress peak, and the AE energy exceeds 103 more times, which is mainly because the rough structure of the structural plane is broken in large pieces and more local cracks occur at the high shear rate. The AE hit rate and energy rate trends rise with a rise in shear rate, which indicates a larger energy release of the joint when the shear rate is large. This conclusion shows agreement with the observation of Meng et al. [12].



The values of the peak AE hit/energy rate, the total number of AE hits/energy, and the number of hits/energy at three stages of joints under different shear rates are shown in Table 3. It is worth noting that less than 12.2% of the total AE signals are detected in stage Ⅰ. The peak AE hit rate and energy rate tend to rise with a rise in shear rate, which indicates that more damage occurs for joint sheared under a higher shear rate at the moments of peak shear stress. Similar to the results of joints sheared under different normal stiffness conditions, more than 60% of the total number of AE signals was measured at stage II, and less than 30% of the total number of AE signals was generated at stage III. Overall, with the enhancement of the shear rate, the additive AE impact number declines. The additive AE energy rises with the rise of the shear rate at 0.5–5 mm/min but decreases with the rise of the shear rate at 10–20 mm/min. This is primarily since when the shear rate is higher than a specific worth, the surface roughness of the structure is nibbled instantaneously, and the shear duration is short.





5. Conclusions


In this paper, we conducted a series of direct shear tests on artificial plaster joints, and the influences of normal stiffness and shear rate on peak and residual shear stress and AE characteristics were analyzed and discussed. From the test results, the main conclusions can be drawn.



	(1)

	
With the increase of normal stiffness, the peak shear stress of the joint decreases slightly, but the final shear stress increases linearly. With the increase of normal stiffness, the joint dilatancy decreases significantly, and normal stress increases significantly. The normal stiffness has little influence on the joint surface resistance index.




	(2)

	
With the increase of normal stiffness, both the failure area and the failure roughness weight of the joint surface show a linear increase trend, which indicates that under the condition of high normal stress, more failure occurs to the roughness of the joint surface, which is the main reason for the significant increase of final shear stress.




	(3)

	
With the increase in shear rate, both the peak shear stress and the final shear stress decrease, and both have a nonlinear relationship with shear rate. When the shear rate is 0.5–5 mm/min, the decline rate of the curve is much higher than that of the curve when the shear rate is 5–20 mm/min. The shear rate has little effect on joint dilatancy, and with the increase of shear rate, the joint dilatancy decreases slightly.




	(4)

	
When the shear rate is between 0.5 mm/min and 5 mm/min, the joint failure area and the weight of the damaged, rough body have little difference, but when the shear rate is between 5 mm/min and 20 mm/min, the joint failure area and the weight of the damaged, rough body increase obviously.




	(5)

	
In the shearing process, AE signals are mainly generated in the post-peak stage. Generally speaking, the cumulative number of AE impacts and cumulative energy rise with the increase of normal stiffness, which demonstrates that the greater the normal stiffness is, the more serious the failure of the rough surface of the joint.




	(6)

	
When the shear rate is low (0.5~5 mm/min), the accumulated AE energy increases from 239,235 to 362,421 with the increase of shear rate; when the shear rate is high (5~20 mm/min), the accumulated AE energy decreases from 362,421 to 241,423 with the increase of shear rate.
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Figure 1. The production process of gypsum joint specimen and rough surface morphology of joint. (a) Granite joint obtained from artificial splitting. (b) Cast plaster structure interview piece. (c) scanning graphs of the fracture surface. 
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Figure 2. Experimental setup. 
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Figure 3. Plan view of the sensor arrangement in the lower shear box; the numbers are sensor ID numbers. 
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Figure 4. Shear actions of joints under various normal stiffness statuses. (a) Shear stress versus shear displacement of joints. (b) Normal displacement versus shear displacement of joints. (c) Normal stress versus shear displacement of joints. 






Figure 4. Shear actions of joints under various normal stiffness statuses. (a) Shear stress versus shear displacement of joints. (b) Normal displacement versus shear displacement of joints. (c) Normal stress versus shear displacement of joints.



[image: Applsci 13 01189 g004]







[image: Applsci 13 01189 g005 550] 





Figure 5. The relationship between normal stiffness and SRI and shear strength of joints. (a) Relation between SRI and shear displacement of the structural plane. (b) Variation of peak and ultimate shear stress for joints under different normal stiffness conditions. 
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Figure 6. Failure modes of joints under diverse normal stiffness status. (a) For kn = 0; (b) For kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm; (e) For kn = 7 MPa/mm. 
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Figure 7. Damaged surface area and weight of damaged asperity of the joint surface under different normal stiffness conditions. 
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Figure 8. Shear behaviors of joints with different shear rates under CNS conditions. (a) Shear stress versus shear displacement of joints. (b) Normal displacement versus shear displacement of joints. (c) Normal stress versus shear displacement of joints. 
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Figure 9. The relationship between the joint peak value and final shear stress and shear rate. 
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Figure 10. Failure modes of joints with different shear rates under CNS conditions. (a) Shear rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min; (c) Shear rate = 5 mm/min; (d) Shear rate = 10 mm/min; (e) Shear rate = 20 mm/min. 
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Figure 11. Damaged surface area and weight of the damaged asperity of the joint surface under diverse shear rates. 
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Figure 12. Difference of AE hit rate and cumulative AE hit of joints under diverse normal stiffness status. (a) For kn = 0; (b) For kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm; (e) For kn = 7 MPa/mm. 
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Figure 13. Difference of AE energy rate and amassed AE energy of joints under diverse normal stiffness status. (a) For kn = 0; (b) For kn = 1 MPa/mm; (c) For kn = 3 MPa/mm; (d) For kn = 5 MPa/mm; (e) For kn = 7 MPa/mm. 
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Figure 14. Difference between AE hit rate and cumulative AE hit of joints with diverse shear rates under different CNS conditions. (a) Shear rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min; (c) Shear rate = 5 mm/min; (d) Shear rate = 10 mm/min; (e) Shear rate = 20 mm/min. 
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Figure 15. Difference between AE energy rate and cumulative AE energy of joints with diverse shear rates under diverse CNS conditions. (a) Shear rate = 0.5 mm/min; (b) Shear rate = 2.5 mm/min; (c) Shear rate = 5 mm/min; (d) Shear rate = 10 mm/min; (e) Shear rate = 20 mm/min. 
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Table 1. Physico-mechanical properties of rock-like replicas.
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	Physico-Mechanical Properties
	Index
	Unit
	Value





	Density
	ρ
	g/cm3
	2.066



	Compressive strength
	σc
	MPa
	47.4



	Modulus of elasticity
	Es
	MPa
	28.7



	Poisson’s ratio
	v
	–
	0.23



	Tensile strength
	σt
	MPa
	2.5



	Cohesion
	c
	MPa
	5.3



	Internal friction angle
	φ
	°
	63.3
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Table 2. Loading scheme adopted in the test.
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Number

	
Initial Normal Stress (MPa)

	
Normal Stiffness (MPa/mm)

	
Shear Rate (mm/min)






	
1

	
2

	
0

	
0.5




	
2

	
1




	
3

	
3




	
4

	
5




	
5

	
7




	
6

	
3

	
2.5




	
7

	
3

	
5




	
8

	
3

	
10




	
9

	
3

	
20
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Table 3. Statistics of AE parameters for joints sheared under different test conditions.
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σn (MPa)

	
kn (MPa/mm)

	
v (mm/min)

	
Nph

	
Nth

	
Nh1/Nth

	
Nh2/Nth

	
Nh3/Nth

	
Npe

	
Nte

	
Ne1/Nte

	
Ne2/Nte

	
Ne3/Nte






	
1

	
2

	
0

	
0.5

	
87

	
3509

	
9.9%

	
63.1%

	
27%

	
10,332

	
143,609

	
12.8%

	
68.9%

	
18.3%




	
2

	
1

	
78

	
3893

	
10.5%

	
63.3%

	
26.2%

	
9079

	
178,553

	
9.2%

	
71.9%

	
18.9%




	
3

	
3

	
88

	
4290

	
12.2%

	
61.5%

	
26.3%

	
12242

	
239,235

	
9.7%

	
69.5%

	
20.8%




	
4

	
5

	
76

	
4842

	
4.9%

	
67.3%

	
27.8%

	
10380

	
317,610

	
5.3%

	
77.1%

	
17.6%




	
5

	
7

	
81

	
5417

	
6.1%

	
68%

	
25.9%

	
10865

	
371,112

	
6.3%

	
75.4%

	
18.3%




	
6

	
3

	
2.5

	
133

	
3749

	
8.4%

	
63.1%

	
28.5%

	
14653

	
264,765

	
4.2%

	
74.4%

	
21.4%




	
7

	
3

	
5

	
224

	
3264

	
6.9%

	
69.8%

	
23.3%

	
17506

	
362,421

	
3.5%

	
76.1%

	
20.4%




	
8

	
3

	
10

	
285

	
2731

	
6.4%

	
73%

	
20.6%

	
26295

	
310,441

	
2.4%

	
74.4%

	
23.2%




	
9

	
3

	
20

	
311

	
2003

	
7.9%

	
68.1%

	
24%

	
31670

	
241,423

	
5.2%

	
70.4%

	
24.4%








Note: Nph, Nth, Nh1, Nh2, Nh3 are acoustic emission impact count at the peak of shear stress, cumulative acoustic emission impact count during the whole shear process, acoustic emission impact count in stage I, acoustic emission impact count in stage Ⅱ, and acoustic emission impact count in stage III. Npe, Nte, Ne1, Ne2, Ne3 are the AE energy at the peak of shear stress, the accumulated AE energy during the whole shear process, the AE energy in the first stage, the AE energy in stage II, and the AE energy in the III stage, respectively.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
%
a5

w
=3

®
=1

-
by

Iy
%

Damaged surface area (cm?)
N =
3 3

Damaged surface area

¥=2.73x+59.36, R*=0.98
‘Weight of damaged asperity -®

1=2.00x49.95, R*=0.98 3 s
g
L /.g’
B A
o

s & 8 8
Weight of damaged asperity (g)

o

"
a

1 2 3 4 5 6 7
Normal stiffness (MPa/mm)

©
o





media/file4.png
Control and acquisition systemsm

4',‘ = She;hr

.---—oc- -,.', “L

Shear testing equipment &






media/file30.png
Shear stress (MPa)

Shear (;ltiplaceme%t (mm)

0 o
3.5 I | | ' . 12
3. _ (I
O - ‘“TAIWIVWWNM ‘n-’ﬁmu!l ] | 10
. Shear stress 1
2.5 |
] AE energy rate 1.2
2.0+ L_ Accmulative AE energy Fé
- 6
1.5 - ?
-
1.0 - _4 é
0.5 |
0.0-

S

200

400

0
600 800 1000 1200

Time (s)

(e)

— . p— I N . N . (0%) I (9% .
() N () () O D
Accumulative AE energy (10%)

Y

S





media/file18.png
Shear stress (MPa)

o
~

25

A\ Peak shear stress 1=1.87%x"%  R>=0.96
@ Ultimate shear stress  3=2.10%x%"  R>=0.90
2.2
\\ @
2.044 - .
N o
181 ~ Tt e
A e
1.6- TA--_ 9
1.4 I 1 I I 1
0 10 15 20

Shear rate (mm/min)





media/file35.jpg
i W \ i Ri8!

Cad

N A M





media/file21.jpg
)
S

w
=3

=
a

N
3

w
S

Damaged surface area (cm®)
b &

® Damaged surface area
y=0.008¢+0.51 Le+68.766.8°=0.94

= Weight of damaged asperity
3=0.015x*+0.084x+17.716,R*=0.99

IS
o

)
S

o
Weight of damaged asperity (g)

=

o

0

2 4 6 8 10 12 14
Shear rate (mm/min)

16

18

w
S





media/file26.png
2Shear dizplacement (mm)

DD W
W -
I L I L

D
-
I L

Shear stress (MPa)

—
-
L I L

6 8 10
! ! - ! - . 100
—— Shear stress Accumulative AE hit
B AE hit rate R 20
460
0 11| R
1 40
20
il
200 400 600 800 1000 1200
Time (s)

(e)

AE hit rate

) W EAN N

[

-

@)

Accumulative AE hit (x10°)





media/file27.jpg
(O i s it S ) I s s s WO

Accamiltive AE oty (10)

O

Accumioe AE gy (10)






media/file3.jpg
car testing equipment £





media/file22.png
\O
S

(8]
()

-
()}
1

N
-
1

Damaged surface area (cm?)
v A~
() W
| |

X Damaged surface area
y=0.008x%+0.51 1x+68.766,R*=0.94
% Weight of damaged asperity
y=0.015x*+0.084x+17.716,R*>=0.99

R —_ [\
() N O
Weight of damaged asperity (g)

1
N

2 4 6 8 10 12 14 16 1

Shear rate (mm/min)

8

[\®)
OO





media/file19.jpg
@





media/file7.jpg





media/file10.png
1.5

1.2 1

—k,=0

— k,= 1 MPa/mm
— k,= 3 MPa/mm
—— k, =5 MPa/mm
— k, =7 MPa/mm

Shear displacement (mm)

(a)

10

Shear stress (MPa)

Peak

shear stress

Ultimate shear stress

31 ®
°
o
27 A A A
1 3
O 1 1 ' 1 ' 1 1 1 1
0 2 3 4 5 6 7 8

Normal stiffness (MPa/mm)

(b)





media/file36.jpg
@






media/file28.jpg
g,
g
2

Shear t}iplaoeme:(\’l (mm)

8

)

>

=

5 38R 88
Accumulative AE energy (10%)





media/file14.png
o
(9}
)

Damaged surface area
y=2.73x+59.36, R>=0.98

—_
N
g 801 Weight of damaged asperity _ « i
= $=2.09x+9.95, R*=0.98 IR
8 75 n _ /@l - - -
< g . e
2 BT
& 70 - .- - -
S Pihe -,
- ’@ P -
D65 - .
o0 P
< o2
= 60 _
ol
55 I T T T T T T T T T T T
0 1 2 3 4 5 6 7 8

Normal stiffness (MPa/mm)

WD —_ [ N [\ (O8]
S (9] (e N ()
Weight of damaged asperity (g)

e





media/file11.jpg





media/file6.png
' ower part of the joint ' | |
\N‘ ! AE sensors

. K
! i 5
w2
S Q2
y






media/file15.jpg





media/file32.jpg
Tt €

Ak AL (0)





nav.xhtml


  applsci-13-01189


  
    		
      applsci-13-01189
    


  




  





media/file24.jpg
(01>X) I GV ABR[AWNY

o

6 432
_ eIy gV
mm 2 8 2 b

—~0 |

E |3

z |

o

g 2

g

g8

Gl §

b
,
o

S w2 wm o v

“ (ed) Ssors eays

]
B

g
Q






media/file29.png
Shear displacement (mm)
0 4 6 8 10
30 T T T T T 1 12 ]
—— Shear stress ]
25 B AE energy rate 110
| Accumulative AE energy | —~
—_ F O
SEPXE 18<
S 1 11 2 ]
\;; 1 5 R | VL :_ 6 $— ]
77 ] 1 O A
§ 10 . % 4 g -
o P2
2
. O J
0 200 400 600 800 1000 1200
Time (s)
(a)
Shear displacement (mm)
0 4 6 8 10
30 T T T T T T 14
—— Shear stress 1
75 B AE energy rate 12
. Accmulative AE e 1~
5 10S |
i
g 6 B
5 {5
= _
7 14 %
| L
- l : 1 0
0 200 400 600 800 1000 1200
Time (s)

(c)

20

18€

i
(@)

=
Accumulative AE energy (1

J
[\
N

!

[\
)
Accumulative AE energy (10

] ]
p— —_—
) ()]

I
()]

Shear displacemegt (mm)

0 8 10
3.0 - . - . l . 12
—— Shear stress |
75- B AE energy rate 10
— ] Accmulative AE ener | &
< =)
% 2.0- 18 2
c 2
Z 1 ] \M II + 11 =
g . ?{M‘me -l WMWMMWWWW 6 gﬁ
2 1 &
8101 14 B
: E
054 IIf 12
| _
0.0 4 0
0 200 400 600 800 1000 1200
Time (s)
(b)
Shear displacement (mm)
0 2 4 6 8 10
3.0 T T = 12
2.5- 10
- |5
2.0- g =
7 ] 1 1 g
31-5‘ Shear stress 16 23 |
N i St
o B AE energy rate Q|
2 1.0 Accmulafive AE energy] 4 ©
; K
0.5 42
0.0- m-‘ 0
0 200 400 600 800 1000 1200
Time (s)
(d)

L.
U
N~

energy

- L
o0 p—
[\

1
S DA

(IS}
)

e
()]
Accumulative AE energy (10%)

()]

-

]
[\
)

1185

(

S
AE

Accumulative

[9Y)
()]

\®)
)

—
()]

p—
()





media/file16.png
N
(9}
)

D
(=
1

[a—
W

-
=

Shear stress (MPa)

e
(9}
1

o
o

—— Shear rate = 0.5 mm/min
—— Shear rate = 2.5 mm/min
—— Shear rate = 5.0 mm/min
——— Shear rate = 10.0 mm/min
—— Shear rate = 20.0 mm/min

)

4 5 6 7 8 9 10

Shear displacement (mim)

(a)

Normal displacement (mm)

1.2+
10-
0.8—-
0.6—-

0.4 1

—— Shear rate = 0.5 mm/min
—— Shear rate = 2.5 mm/min
—— Shear rate = 5.0 mm/min
——— Shear rate = 10.0 mm/min
—— Shear rate = 20.0 mm/min

1 2 3 4 5 6 7 8 9 10
Shear displacement (mm)

(b)

Normal stress (MPa)

5 6 7 8 9 10

3 4
Shear displacement (mm)

(c)





media/file2.png
[ r
R R — T e '_—_E_:-W o - - .-i_ilil
L .!

a b C





media/file20.png
G i

IR

¥a =

)

e

(

)

d

(

)

C

(

b)

(

)

a

(





media/file37.png
= N

o

Shear stress (MPa)

e
()}
1

S
-
1

Shear cgsplacemegt (mm) ] 10 Shear displacement (mm)
- ) - T T - . - 14 425 0 2 4 6 8 10
—— Shear stress T . 2.5 : . - . - | - .
- AE energy rate 12 E ] —— Shear stress Accmulative AE enecrgy
Accmulative AE e {120~ I- AE energy rate
4 2.0
0S| 8 -
1 N~ Q ]
O |15 & I
I . 1 8 153 %1.5 - |
| I3 T R % 2 i
/] 16 5 1102 £
| g 17E 2104
i 1) ‘C_‘G ée . -
0% B
12 8 0.5
_ <
10 20 0.0-
0 200 400 600 800 1000 1200 0 40 R0 12 160 200 24

0
Time (s) Time (s)

(a) (b)

[\ l [\ . o8
(e} ()} (e}
Accumulative AE energy (10%)

p—
()]

o
S

()}






media/file23.jpg
5 2
H Y
i 2
5 £
1 |
H

o

LR
o %
212
i
i

o





media/file5.jpg
AE Sensors






media/file33.png
Shear stress (MPa)

Shear displacement (mm)
0 2 4 6 8 10
3.5 . - T . . 100
1.0 1 —— Shear stress Accumulative AE hit
o B AE hit rate 180
4 60
140
420
: 0
0 200 400 600 800 1000 1200
Time (s)
(a)

AE hit rate

[\ (98] i
Accumulative AE hit (x10°)

[E—

Shear displacement (mm)

2 4 6 8 10
2'5 I I ! I ' I ' 1 ' 150
] Shear stress —— Accumulative AE hit ]
AE hit rat

:
jl_s_lj : 11 | 11 lop 8
2 =
= =
=1.0- 160 2
=
N

0.5 130

&

o
o

o

40 80 120 160 200 240
Time (s)

(b)

N

Accumulative AE hit (x10%)

\®)

[E—





media/file1.jpg
@ ®) ©





media/file31.jpg





media/file12.png
9

e SA L






media/file9.jpg
& sk e sess
Ut s

Shea dipacement ()

@

IR R SRR R
Noraasifns (Paim)

®)





media/file0.png





media/file38.png
0
2.5

Shear dAirsplacemegt (mm)

Shear displacement (mm)
4 6

Shear stress (MPa)
s o 2

e
W
1

o
S
-1

—— Accmulative AE energy

T T T T T T g
| — Shearstress [} Energy rate

20

40

60
Time (S)

(c)

80

10 0
=24 445 2.5
' 140
{20 1 2 2.0
"‘“—3555 _“
O g S
=430 &
21" 8 S5
S 425 2
_1256 ﬁ o
;_‘-206.) *‘7510
1 &4 2 -~
18 O 415 & 2
| % = )
110 § 0.5
_4 8
1° <

L
S D
S

1 v I v
—— Shear stress

I AE energy rate
Accmulative AE energy

o}
S

0 0.04
100 120 1015
Shear displacement (mm)
0 2 4 10
2.5 - . - . - T - T =240
| — Shear stress Accmulative AE energy ]
B AE energy rate =35
2.0 1
§ 130 |
215 1255
7 . 4 I £
£ ] T = 20 2
wnn b
101 115 8
% l10%
0.5- ]
| ‘ 1s
0.0£ ' 0
0 5 10 15 20 25 30
Time (s)

(e)

> v & o
Accumulative AE energy (10%)

1
(%))

-

Time (s)

(d)

20 25 30 35

40 45 50 55

(%)
W

)

—_ [ N N 9
(e W o ()} ()
Accumulative AE energy (10%)

(V)]





media/file8.png
Shear stress (MPa)

4.0 -
3.5

NDWw
(W] ()
1 1

e (9] S
S TR R TR

o o
S D

— k=0

{ — k,=1MPa/mm

— k,=3 MPa/mm

1 —— k,=5MPa/mm
— k,=7MPa/mm

PPN e

1 2 3 4 5 6 7 8 9 10
Shear displacement (mm)

(a)

1.6 )
| —k,=0 8 - k=0
= 149 ——k=1MPamm ——k_ =1MPa/mm
g 12 — =3 MPamm %\7' —— k=3 MPa/mm
NaZ2na — k,=5MPa/mm ] —— k,=5MPa/mm
- 6 - n
5 1.0 —— & =7MPa/mm % —— k, =7 MPa/mm
E ] = ]
g 0.8- A 5-
‘It g7
§ 06 Z
§ 0.2- Z 1
z ; W <
0.0 1\
1\ 1 T T T T T T T T T T T T T T T 1
-0.2 — T T - 1 T 1T "~ 1T T 1T "~ T 0 1 2 3 4 5 6 7

o 1 2 3 4 5 6 7 8 9 10

_ Shear displacment (mm)
Shear displacement (mm)

(b) (¢)





media/file25.png
w
()
=

Shear cgsplacemegt (mm)

) N

MPa
o
()

1

(

[E—
()]
1 N

Shear stress
o
1 N

S
()]
1

N
()]
1

Shear stress (MPa)

10
. : | - . . r 100
Shear stress
B AE hite rate 1 g0
Accumulative AE hit |
160 333
i 111 E ]
1402
420
0
200 400 . 600 800 1000 1200
Time (s)
(a)
Shear displacement (mm)
2 4 6 8 10
. . . . 100
—— Shear stress =—— Accumulative AE hit
B AE hit rate 120
o ]
4 60 g
=
=|I= I R =
140
420
0
200 400 600 800 1000 1200
Time (s)

(c)

W
Accumulative AE hit (x10°)

Accumulative AE hit (x10°)

S

Shear stress (MPa)

Shear displacement (mm)
4 6

2 10
30 T T T T 100 7]
—— Shear stress
2.5 B AE hit rate I
= —— Accumulative AE hit
% 2.0 - o '
- | _ 60 +~ ]
% 15 ‘kmmm. ‘ II - §
5 10, 1<
= -
2 |
05 .” 120 -
0.0 + 0 i
0 200 400 600 800 1000 1200
Time (5)
(b)
Shear displacement (mm)
0 4 6 8 10
3.5 : I . . - . 100
1 —— Shear stress Accumulative AE hit
3.04 [ AEhit rate
] 80
O
60 =
=
40 iﬂ
20
0

400

600

Time (s)

(d)

800

1000

1200

(\ (OS] AN
Accumulative AE hit (x10°)

U

() w N

p—

S

()]

Accumulative AE hit (x10°)





media/file34.png
Shear displacement (mm) Shear displacemegt (mm)
4 6

D
W

g
S
1

J—
()]

[E—
.

Shear stress (MPa)
S

e
()}
1

S
o

10 0 10
T y T T T T T T 3 250 -4 2.5 ! ' ! ! ' ! ' 2300
—— Shearstress ~ —— Accumulative AE hit —— Shear stress Accumulative AE hit
B AE hit rate o 204 B AE hit rate 1250
200 — :
4 3 \x/ @ |
= 4200
i 150 © = %1.5-
Il = | 2 2 I
I T g2 3 - ~ 150
£ 2 g L
. 1100 Eé | § < 1.0 -
= S 4100
0 % i
<QC) 0.5 150
0 -0 0.0 4 |0
0 20 40 . 60 80 100 120 0 10 20 30 40 50 60
Time (s) Time (s)
(c) (d)
Shear displacment (mm)
0 2 4 6 8 10
2.5 . : . - T : T : 350 425
—— Shear stress Accumulative AE hit]
; 4300 A
20- B AE hit rate - 150 %
j%? {250 | =
} ] O =
\(;J/ 1.5 = I III i 200 8 = 1.5 %
3 g 1 E! o
B ] 2
2 1.0- 119021105
O 2
= {100 1 E
0.5- 105 8
450 <
0.0 0 400

-
(V)

10 15 20 25 30
Time (s)

(e)

g
o

D
W

1 .
o
S

[S—
N

AE hit rate

[E—

(a)
Accumulative AE hit (x10°)

e
n

e
o





media/file17.jpg
=L878%, R=0.96

249 A poak shear sress
@ Ultimate shear stress  =2.10%"",  R=0.90
224
g \
22.074
£ 181 el
= A~ TS
“ S % e
16 o &
14 T
10 15 20

0 5
Shear rate (mm/min)





