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The instability of the slope of the unstable rock poses a great threat to the safety of engineering and people’s lives and properties. The buried depth of an unstable rock is a key factor affecting its stability. It is difficult to directly measure the buried depth of the unstable rock. Therefore, it is of vital importance to indirectly and quickly identify the buried depth of the unstable rock. Assuming that the foundation soil is homogeneous and isotropic, the damping ratio is less than 1; it can be found that the deformation is linear elastic deformation within the amplitude range, and the unstable rock vibration model is simplified to a multi-degree-of-freedom vibration model. Through theoretical derivation, the quantitative relationship between the rock mass, foundation reaction force coefficient, rock burial depth, and the natural vibration frequency in the horizontal direction is established. The quantitative relationship was verified to be correct by laboratory tests. From the tests, the relationship is verified and shows that with the increasing buried depth of the unstable rock, its natural vibration frequency increases nonlinearly in the horizontal direction and also acts in a weakening growing trend; the mass of the unstable rock is a monotonically decreasing function of the natural vibration frequency, and it decreases by a one-half square with the increasing mass of the unstable rock. The research results can calculate the buried depth by measuring the vibration frequency of the unstable rock, which provides a new idea and theoretical basis for the stability evaluation of the slope of the unstable rock and the rapid identification and monitoring of the unstable rock.
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INTRODUCTION
Unstable rocks on high and steep slopes are unstable due to natural or human factors such as rainfall, earthquakes, and vibrations, and the unstable rocks roll at high speed under the action of their gravity, which brings great threats to the safety of engineering and people’s lives and properties (Chen, 2014). In recent years, there have been frequent reports that the instability of unstable rocks on high and steep slopes has caused traffic jams and casualties. On 3 August 2014, an earthquake measuring 6.5 on the Richter scale occurred in Ludian, Yunnan Province, and a large number of super-large unstable rocks were accumulated on both sides of the main traffic road leading to the epicenter. After this earthquake, some of the unstable rocks rolled down the road, causing traffic jams (Yin et al., 2016). On 29 May 2012, an unstable rock disaster occurred after the rain on the slope of the Shimian-Luding Highway. The giant unstable rock hit the bus, causing the driver’s death. Therefore, it is of great significance to study the stability of unstable rocks. At present, scholars mainly focus on the research of Motion Characteristics Study (Cheng and Su, 2014; Xu et al., 2019), Impact Load Study (He et al., 2008; Wang et al., 2013), Dynamic Response Study (He et al., 2011), Risk Assessment Research (Zhang et al., 2005), and unstable rock protection research (Zhao and Liu, 2005; Yu et al., 2010), and the research results interpret the process of unstable rock movement, movement characteristics, existing risks, and possible hazards, which have important theoretical and guiding significance for the protection and management of unstable rocks. However, the impact energy of unstable rocks is relatively large, so the engineering measures of unstable rock protection and treatment require a lot of human and financial resources, so the passive protection and treatment of unstable rocks are expensive. This study can provide a certain theoretical basis to actively and quickly identify unstable rocks, evaluate their stability and monitor them.
The methods to evaluate unstable rock stability are divided into qualitative stability evaluation methods, quantitative numerical simulation methods, and limit equilibrium methods (Du et al., 2022). Fu et al. (2013) used the block theory to conduct quantitative statistics on the positioned block, the semi-positioned block, and the random block. Dong et al. (2012) according to the three first-level indexes like the hazard resource itself, the slope and the triggering factors, selected 9 second-level indexes corresponding to the first-level ones and 32 basic indexes and established an assessment system of the slope hazard source and degree. Yuan et al. (2011) analyzed and studied the development characteristics of the slope of unstable rocks in the Shuangjiangkou Hydropower Station, classified the stability, and put forward specific preventive measures in consideration of the topography, geology, construction, and other conditions. Yang et al. (2017) used the limit equilibrium method to quantitatively study the stability of the unstable rock of the unstable rock mass in the upper part of the Yufeng rock in the Wenchuan area of Sichuan Province, and the results show that the rainstorm condition mainly attributes to the instability of rolling rock in the unstable rock mass. (Liu et al., 2017) realized the quantitative evaluation of unstable rock stability through force points. (Zhang, 2017) monitored the blasting vibration frequency and the vibration speed of the slope of unstable rocks centroid near the tunnel, and evaluate the stability of the on-site unstable rocks. The results show that due to the differences in rock structure and joints in different directions, the vibration velocity peaks, K values, and α coefficients of the unstable rocks in the X, Y, and Z directions are also significantly different. Zhang et al. (2022) studied the fracture characteristics and anisotropic strength criterion of the structural plane of bedded sandstone through experiments. By using high-resolution computed tomographic scanning, Li et al. (2022) evaluated the damage of freeze-thaw granite. According to the results of (Huang and Liu, 2009), they found that the buried depth of unstable rocks has a particularly significant effect on the recovery coefficient of collision velocity, but there is no quantitative research on the impact of burial depth on the stability of unstable rocks. At present, most scholars assume that the burial depth of unstable rocks is zero, and the calculated safety factor is small. Therefore, it is of great significance to study the burial depth for calculating the stability of rolling stones.
The aforementioned qualitative research methods are difficult to quantitatively evaluate the stability of unstable rocks. The limit equilibrium method and numerical simulation method can realize the quantitative stability evaluation of unstable rocks, but the important factors affecting the stability of unstable rocks, buried depth of unstable rocks, are difficult to obtain directly. With the development of technology, a method for evaluating the stability of unstable rocks based on dynamic characteristic parameters has appeared in recent years. This method judges the stability of unstable rocks through the change of dynamic characteristic parameters. Japanese scholar Fujisawa (2007) studied the dynamic characteristics of the slip-type unstable rock and found that the particle trajectory and amplitude of the stable rock mass are much smaller than those of the unstable rock mass. Ma et al. (2012) further tested and concluded that the vibration frequency is closely related to the bonding state, and the bonding area is positively correlated with the vibration frequency. Ma et al. (2011) found that the vibration frequency of the unstable rock is closely related to the bonding area and quality. Du et al. (2016) further studied the slip-type unstable rock on the single-slip surface and realized their stability evaluation based on the vibration frequency. Yin et al. (2016) and Yao et al. (2015) established a stability evaluation model based on dynamic characteristic parameters for falling unstable rocks. Du et al. (2021) found that natural vibration frequency and other dynamics scientific indicators have obvious application advantages in the rock bridge damage analysis, rapid identification of dangerous rocks, and early warning of collapse. Du et al. (2022), Du et al. (2020), and Du et al. (2017) experimental study finds that the incompatible weakness of the structural plane is a necessary condition for the occurrence of rock burst, and the spatiotemporal difference of the structural plane strength is the main factor that determines the immediate or the time-delayed rock burst. Slow weakening of the structure causes time-delayed rock burst, whereas rapid weakening causes immediate rock burst. Jia et al. (2021), Jia, (2018), and Jia et al. (2017) obtained the fact that the dynamic characteristic parameters of unstable rock like fall type, topping type, and slip type, change with the laws of structural damage through experiments and theoretical analysis, and realized the quantitative stability assessment and monitoring and alarming of unstable rock of fall type, topping type, and slip type based on vibration frequency.
Although the stability evaluation method of unstable rocks based on dynamic characteristic parameters has the advantages of convenience, high efficiency, and accuracy, the current research mostly focuses on the dynamic characteristics of unstable rocks, and there are few reports on how to realize the stability evaluation of unstable rocks based on dynamic characteristic parameters. Taking the slope of unstable rocks as the research object, this study, through theoretical deduction, establishes the quantitative relationship between the unstable rock mass, the coefficient of subgrade reaction, the buried depth of unstable rocks, and the natural vibration frequency in the horizontal direction, and realizes the quick calculation of the buried depth based on the natural vibration frequency so as to verify the correctness of the theoretical model by laboratory experiments. This research study can provide new ideas and a theoretical basis to assess the slope of unstable rocks and quickly identify and monitor unstable rocks.
Slope of unstable rocks
The unstable rock refer to the rock mass that is separated from the parent body, stays on the slope body, and moves downward directly or indirectly under the interference of factors such as rainfall, vibration, geological disasters, freeze-thaw cycles, wind action, animal activities, etc. Unstable rocks tend to have the characteristics of high-speed movement and high-impact energy. In addition to triggering factors, the occurrence of unstable rocks is also related to factors such as the slope conditions where unstable rocks are located, their properties of themselves, and their buried depth. Figure 1 is a schematic diagram of the force acting on the slope of unstable rocks, where G is the gravity, N; θ is the slope angle, °; Gsinθ is the downward component of the unstable rock gravity along the slope, N; Fe is other external forces, including friction, soil pressure, water pressure, etc.
[image: Figure 1]FIGURE 1 | Force acting on the slope of the unstable rock.
Dynamic characteristic model of the slope of unstable rocks
Under the interference of trigger factors, the unstable rock vibrates. Assuming that isotropic soil is homogeneous in all directions, the damping ratio is less than 1, and the deformation is linear elastic deformation within the amplitude range, the unstable rock vibration model can be simplified to a multi-degree-of-freedom vibration model. See Figure 2.
[image: Figure 2]FIGURE 2 | Dynamic characteristic model of the slope of the unstable rock.
According to the dynamics theory, when the unstable rock slope is disturbed by an external force, it vibrates along the slope. Assuming that the distance from the origin at a certain moment is x, the horizontal stiffness of the soil layer is [image: image], and according to Newton’s second law, the mechanical balance Eqs 1, 2 of the horizontal direction of the unstable rock are obtained (Jia et al., 2017):
[image: image]
[image: image]
Then the undamped free vibration equation of the slope of unstable rocks in Eq. 3.
[image: image]
The equation is solved as
[image: image]
Substitute the solution into Eq. 3 to obtain the equation roots and characteristic equations:
[image: image]
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The general solution of the equation is further obtained as follows:
[image: image]
By applying Euler’s formula, the aforementioned formula can be rewritten as
[image: image]
C and D are integration constants whose magnitudes are determined by the initial conditions of the motion. When [image: image] is set, substitute [image: image] into the aforementioned formula to get
[image: image]
[image: image]
Through trigonometric transformation, the aforementioned formula can be rewritten as
[image: image]
where
[image: image]
The vibration period of the system is
[image: image]
The vibration frequency of the system is
[image: image]
The stiffness coefficient is a basic physical quantity used to describe the elastic deformation form of the material under the action of external force. The relationship between the stiffness coefficient [image: image] and the coefficient of subgrade reaction [image: image] is formula (15):
[image: image]
Combining Eqs 14, 15, the natural vibration frequency in the horizontal direction of the unstable rock is obtained as Eq. 16:
[image: image]
Considering the influence of the unstable rock height and the width ratio along the vibration direction on the natural vibration frequency of unstable rocks, and when there is weak damping, the unstable rock block on the slope overcomes the damping force to do work, the amplitude decreases with time, and the mechanical energy of the system is converted into thermal energy and dissipated until the system stops vibrating. Then formula (16) can be transformed into formula (17)
[image: image]
where [image: image] is the natural vibration frequency of the damped system ([image: image]); [image: image] is the damping ratio of the system (unitless); [image: image] is the stiffness coefficient of the foundation soil, [image: image]; [image: image] is the coefficient of subgrade reaction of the foundation soil, [image: image]; [image: image] is the length of the unstable rock along the vibration direction, [image: image]; [image: image] is the unstable rock length in the vertical vibration direction, [image: image]; [image: image] is the mass of the unstable rock, [image: image]; [image: image] is the buried depth of the unstable rock, [image: image]; [image: image] is the height of the unstable rock, [image: image]; [image: image] is the height of the unstable rock on the ground, [image: image].
MODEL TEST
Test equipment

1) Vibrometer
In the test, the wireless vibrometer of Beijing Beike Andi Technology Development Co., Ltd. - Microchip Cube was used. This vibrometer has the characteristics of a high sampling frequency, good signal-to-noise ratio, and wireless transmission, which can be used to measure the three-way vibration acceleration of the object through the fast Fourier transformation to obtain the three-way natural vibration frequency of the object. The specific parameters of the vibration meter are shown in Table 1.
2) Vibration measurement
TABLE 1 | Performance indexes of the microchip cube.
[image: Table 1]A vibration sensor is arranged on the top surface of the model, and epoxy resin is used to bond the fixed plate of the vibration sensor to the unstable rock block of the slope. After waiting for 72 h, when the epoxy resin is completely cured and the test model becomes a whole, then install the layout sensor. After excitation by the broadband hammer, the three-way acceleration/velocity of the measured object is triggered, that is, the time-domain diagram of the measured object and then the frequency domain diagram of the measured object is obtained through filter and Fourier transform, calculating the natural vibration frequency of the measured object according to the frequency diagram.
Experimental model

1) Test model
In the test, the unstable rock is simulated by cube concrete, and the size of model A is 0.3*0.3*0.4 m, with a mass of 84.3 kg; the size of model B is 0.3*0.3*0.3 m, with the mass 63.2 kg; the size of model C is 0.3*0.3*0.2 m, with the mass 42.5 kg; the unstable rock model in the test is shown in Figure 3.
2) Foundation soil
[image: Figure 3]FIGURE 3 | Unstable rock test models.
The soil on the Monkey Rock landslide mass of the Dadu River National Road slope was taken as the test foundation soil, and the conventional parameters of the soil obtained through the test are shown in Table 2.
TABLE 2 | Foundation soil parameters.
[image: Table 2]Test plan
The unstable rock model is buried in the soil, and the buried depth is controlled at 1/5, 2/5, 3/5, and 4/5 of the unstable rock test model height. Then apply the broadband hammer to hit the unstable rock model so as to obtain its acceleration time-history curve by vibrometer. Filter the acceleration time-history curve in the horizontal direction of the unstable rock model, and perform Fourier transform on the filtered acceleration time-history curve to obtain the power spectrum of the unstable rock model. The test scheme is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Test plan.
Test results
The horizontal natural vibration frequencies of unstable rock models with different buried depths are counted, and the statistical results are shown in Table 3.
TABLE 3 | Horizontal vibration frequencies of unstable rock models.
[image: Table 3]It can be seen from the test results that the maximum error of the inferred unstable rock buried depth is 6.83%, the minimum error is 1.63%, and the average error is 3.82%.
DISCUSSION
The test results are plotted in Figure 5.
[image: Figure 5]FIGURE 5 | Relationship between the natural vibration frequency and the buried depth.
Relationship between the unstable rock buried depth and natural vibration frequency
It can be seen from Figure 5 that, in Model A, Model B, and Model C, with the increase of the unstable-rock buried depth, the natural vibration frequency of unstable rock increases nonlinearly, and the natural vibration frequency increases with the growing buried depth.
According to formula (17), the relationship between the buried depth of the unstable rock and the natural vibration frequency is formula (18):
[image: image]
The burial depth [image: image] of the unstable rock is a monotonically increasing function of the natural vibration frequency [image: image]. With the increase of the buried depth of the unstable rock, the natural vibration frequency of the unstable rock increases quadratically. In addition, the average error between the solid buried depth of the unstable rock calculated by the theoretical model 18) and the actual one is 3.82%, indicating that the theoretical model of the natural vibration frequency and the buried depth of the unstable rock is correct.
Relationship between the natural vibration frequency and the unstable rock mass
It can be seen from Figure 5 that when the natural vibration frequencies of Model A, Model B, and Model C are the same, the model with smaller mass has the smallest buried depth, and the model with larger mass has the largest buried depth: Model A buried depth > Model B buried depth > Model C buried depth; under the same buried depth, the natural vibration frequency of the unstable rock with large mass is lower than that of the small mass: Model C natural vibration frequency > Model B natural vibration frequency > Model A natural vibration frequency.
According to Eq. 17, the relationship between the mass of the unstable rock and the natural vibration frequency is Eq. 19:
[image: image]
The experimental results of the relationship between the natural vibration frequency and the mass of the unstable rock are consistent with the model (19): the mass [image: image] of the unstable rock is a monotonically decreasing function of the natural vibration frequency [image: image]. As the unstable rock mass increases, its natural vibration frequency decreases to the power of one-half.
Relationship between the natural vibration frequency and the unstable rock safety
The research of this study provides a simple and effective method to measure the buried depth of unstable rock. The deeper the buried depth of the unstable rock is, the higher the safety will be. Therefore, the safety of the unstable rock is positively correlated with the buried depth of the unstable rock, and the vibration frequency is also positively correlated with the buried depth. Therefore, the vibration frequency of unstable rock is positively correlated with its safety. The research results can provide certain new ideas and theoretical basis for the stability evaluation of the slope of the unstable rock and the rapid identification and monitoring of the unstable rock.
CONCLUSION

1) Based on the dynamic theory, the dynamic characteristic model of the unstable rock is established. Based on this dynamic characteristic model, the buried depth of the unstable rock can be measured by measuring the natural vibration frequency.
2) The test results show that with the increase of the buried depth of the unstable rock, the natural vibration frequency of the unstable rock increases nonlinearly in the horizontal direction, and the increase of the natural vibration frequency tends to weaken with the increase of the buried depth; the mass of the unstable rock is a monotonically decreasing function of the natural vibration frequency. As the mass increases, the natural vibration frequency of the rolling stone decreases to the power of one-half. The test results verify that the dynamic characteristic model of the unstable rock is correct.
3) The combination of the research results and the limit equilibrium model can realize the stability evaluation of the unstable rock based on the natural vibration frequency, and the safety factor can be monitored.
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Test factor Average unit
Natural density (y) 192 gem®
Internal friction angle (¢) 200 .

Coefficient of subgrade reaction (k) 6.5*10" kN/m’
Cohesion (C) 70 kN/m?
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Model Buried depth/cm Measured frequency/HZ Buried depth calculation/cm Error (%)

A 8 136 749 637
A 16 232 16.72 451
A 24 318 2461 252
A 32 39.2 3118 256
B 6 165 634 5.69
B 12 253 1236 3.03
B 18 326 17.51 273
B 24 39.9 2351 202
o 4 17.7 384 392
c 8 274 832 397
C 12 35.4 12.82 6.83
C 16 40.9 16.26 163
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