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As blasting technology starts to be used in a wide range of areas, blast loading has led to an increasing number of geological disasters such as slope deformation, collapses, and soil slippage. Slopes with weak interlayers are more likely to be deformed and damaged under the influence of blast loading. It is of great importance to study the evolution for the deformation of slopes with weak interlayers during blasting excavation. This study constructed a slope model with a weak interlayer to investigate the influence of different factors of blasting, including explosive charge, blast radius, blast origin, and multi-hole blasting, on the internal dynamic response. The deformation mechanism of slopes with weak interlayers under the influence of blast loading was analyzed. Test results show that each layer of the model had a different displacement response (uncoordinated dynamic response) to blasting with various factors. Explosive energy and the pattern of dynamic response of each layer varied depending on different settings of blasting factors such as explosive charge, blast radius, blast origin, and detonation initiation method. When the explosive energy produced under the influence of various factors was small, the change in the uncoordinated dynamic response between layers was significant, and the change gradually became less significant as the explosive energy increased. Therefore, this study has proposed the concept of critical explosive energy, and it is speculated that when the explosive energy produced with various factors is less than critical explosive energy, the dynamic response is mainly affected by the internal structure of the slope (property difference induced geologic layers). In other words, the uncoordinated motion of material’s particles in each layer is caused by different limitations and the degree of movement of the particles, which leads to the uncoordinated dynamic response and uncoordinated deformation of each layer. If the explosive energy is greater than the critical value, the dynamic response of each layer is mainly affected by the explosive energy. The differences in the internal structure of the slope are negligible, and the incoordination of dynamic responses between layers gradually weakens and tends to synchronize.
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HIGHLIGHTS

1) Blasting engineering often induces instability of surrounding slopes, especially slopes with weak interlayers.
2) Under the action of blasting vibration, the layers of slopes with weak interlayers presented uncoordinated dynamic response.
3) Uncoordinated dynamic response leads to uncoordinated deformation.
4) When the blasting energy is larger than the critical blasting energy, the uncoordinated dynamic response tends to be synchronized.
INTRODUCTION
In recent decades, as infrastructure and mine excavations continue to develop rapidly, blasting technology has been used in different types of large-scale engineering projects and mining engineering. While blasting technology brings great benefits to project construction, it also gives rise to an increasing number of issues in slope stability. Up to 25 landslides were induced by blasting in the Daye iron mine in Hubei province, China (Liu, 2009). Many landslides were caused by blasting excavation in a limestone mining area in Mount Emei in Sichuan province (Bai et al., 1995). At Pasir mine in Kalimantan, several slope failure accidents were caused by blasting in layered deposits with a high dip angle, resulting in considerable production interruption and economic losses (Deb et al., 2011). Some other slope failure accidents caused by blasting in different open-pit mines in China can also be found in the literature reports (Li et al., 2001; Luo et al., 2015; Song et al., 2017; Deng et al., 2018; He et al., 2021). Blasting-generated seismic waves were the main cause of disturbance to the overlaying open-pit slopes in triggering instability of slopes (Dvořák, 1977; Singh and Singh, 1995; Jiang et al., 2018; Adushkin, 2019; Hempen, 2019). Investigations into the effect of mine blast vibrations on the surrounding slopes are the key point to assess the effect of blasting on the stability of the nearby slopes. One of the most important studies is to obtain the propagation and attenuation of the blast vibration data in the rock slope by in situ monitoring of ground vibration (Ozcelik, 1998; Kesimal et al., 2008; Lu et al., 2015; Fan and Ge, 2020; Lu et al., 2020). Wang et al. (2007) studied the dynamic responses of continuous rock masses under blast loading and found blast tensile damage induced by wave propagation. It has been promoted that the level of rock fragmentation by blasting was largely affected by the distribution of structural planes (Ozcelik, 1998). Blasting acceleration was the main cause of plane shear failure inside the slope (Kesimal et al., 2008; Wang et al., 2019). Chang et al. (2007) conducted the study of numerical modeling of blast wave propagation through rock mass and effects of water and joints. With the development of computer technology, codes, such as DDA, FLAC3D, ANSYS/LS-DYNA, and GEO-SLOPE et al. are frequently adopted to study the influence of blast on rock slopes.
Excepting blasting, although many factors such as rainfall, geological conditions, and groundwater induce the loss of the slope stabilities, control over blasting in quarry should be more important since the geology of a pit cannot be changed. The adverse effects of blasting operations can be controlled by conducting optimization of the blast design. Blasting pattern, such as hole depth and diameter, explosive charge, bench geometry, blast timing, and position, is the key parameter within the control of the blasting risk. Besides the different blasting patterns having different influence on the dynamic response of slopes with weak interlayers, more complicated methods may be used for blasting, such as multi-hole blasting and blasting from different angles. Peak particle velocity, acceleration, and displacement are considered to be the reliable vibration monitoring parameters (Hakan et al., 2009; Li et al., 2021a; Li et al., 2021b).
The previous studies are mainly based on numerical or physical simulations of the patterns of dynamic responses of relatively homogeneous rock slopes under the influence of blasting. Some scholars point out that the vibration intensity caused by blasting is closely related to the lithology and structural characteristics of rock mass (Görgülü et al., 2013; González-Nicieza et al., 2014; Benchelha et al., 2017; Mohamad et al., 2018). Therefore, compared with normal rock slopes, the dynamic response of slopes with weak interlayers under blast loading is different from that of normal rock slopes because of their special geological structures. Under the influence of blasting vibration, slopes with weak interlayers are more prone to deformation and failure, and they can eventually cause geological disasters such as landslides. However, there are few research studies on the dynamic response of weak intercalated slopes under different blasting patterns.
The purpose of this study is to better study the patterns of dynamic response of slopes with weak interlayers in an actual blasting process and provide a reference for engineering practice. A typical blasting cracked slope in the Lingshi County of Shanxi province of China was chosen as the case, and physical model simulations of blast loading were constructed. Based on the proto-model, we investigated the dynamic response patterns of acceleration and strain of each layer of slope with a weak interlayer under the influence of blasting factors such as explosive charge, blast radius, blast directions, and multi-hole blasting. In addition, the study has analyzed the deformation mechanism of the slope with a weak interlayer under the effect of blasting, which provides a theoretical basis for studying the deformation and failure of slopes under blast loading.
PLANS OF BLASTING PHYSICAL SIMULATION TESTS
Model Design
The study area is located in Lingshi County, Shanxi Province, China. The area has rich mines in resources and has a long history of mining, especially in recent years where coal mining has become the main local industry. The unstable slope was selected as the research object, which is located in Beizhuang village, Lingshi County. The elevation of the rear edge of the slope is about 1,005 m, and the elevation of the leading edge is about 900 m. There is a slightly thick Quaternary mid-late Pleistocene loess on the top of the slope, bedrock exposed in the middle and upper slope, and an overburden composed of residual and slope sediments in the middle and lower part of the slope. The slope is composed of a soft- and hard-interbedded structure of sandstone and mudstone. Three groups of joints are developed: the first group is a rock layer (Sun et al., 2008; Wang, 2017), whose occurrence is 330–350° ∠ 5–10° (dip direction ∠ dip angle); the second group is a steeply inclined fissure J1, which is 330–340° ∠ 80–85°; and the third group is a steeply inclined fissure J2, whose occurrence is 50–55° ∠ 75–80°. There are 20 mining points within 1 km of the slope. The slope showed no signs of deformation before 2013. The closest to the slope is the ZL coalmine. In 2014, the coalmine was mined, and cracks appeared on the rear edge of the slope in June 2015. In 2016, the number of cracks increased to 12, and rift troughs appeared on the left and right sides of the slope. In 2017, 5 local rock avalanches occurred. By 2019, 18 cracks have been developed; the longest crack is about 35 m, and the widest crack is about 1 m. According to Google Earth images and a detailed visit to the study area, it was found that there was no deformation before mining in 2014. Therefore, we think that the effect of blasting vibration during the mining in the mining area may be the main reason for the deformation and damage of the slope.
The similarity between the test model and the prototype (Table 1), and physical and mechanical parameters (Table 2) were established based on the second theorem of similarity. The hard rock was semiarid by materials composed of quartz sand and barite powder. Gypsum and glycerin were used as the cementing agent for hard rock. Regarding soft rock similar materials, quartz sand and clay were used as aggregates for the simulation of soft rock. Gypsum and paraffin were chosen to cement other materials. Specific ratios and properties are listed in Table 3. The test model was designed as shown in Figures 1, 2. It can be seen that the model consists of two parts. The bottom part was the base of the mode, which was made of cement mortar, and the upper part made of our similar materials for the soft layer and hard layer was the studied slope.
TABLE 1 | Similarity system for blasting physical model test.
[image: Table 1]TABLE 2 | Physical and mechanical parameters of blasting physical model and photo model.
[image: Table 2]TABLE 3 | Proportion of similar materials and related properties.
[image: Table 3][image: Figure 1]FIGURE 1 | Plan figure of the test model.
[image: Figure 2]FIGURE 2 | Sectional view of the test model.
Blasting Equipment
The physical model test adopted the method of “explosive blasting energy approximation”, and the test approximately meets the explosion dynamic criterion. Due to the lack of site blasting data, the explosive selected in this test is emulsion explosive to provide a certain equivalent blasting load for a similar model. This study aims to study the dynamic response of the slope model under different weights of explosive conditions. In addition, a plastic detonator with high safety performance is selected, as shown in Figure 3. The parameters of emulsion explosives are as follows: densityρc = 1.32 g/cm3, detonation velocity Dv = 3,350 m/s, heat of explosion Qv = 4200 k J/kg, and intensity △h = 11.5 mm. The specific amount of explosive charge is listed in Table 4. The method of decoupling charging was used for our tests. The upper part of the blast hole was filled with bentonite, and the soil bags were prepared and covered the hole. After that, the plastic detonator was detonated by using the high voltage spark.
[image: Figure 3]FIGURE 3 | Materials for blasting physical simulation test.
TABLE 4 | Design of blasting plans.
[image: Table 4]Design of Testing
The factors of explosive charge, blasting radios, blasting directions, and multi-hole blasting were considered in our tests. The factor value shown in Tables 4, 5 was set according to the “approximate blasting energy of explosives” (Yuan, 2016). The value of 5, 7, and 10 g were used for the explosive charge factor. There were 14 blasting holes used in our tests; 1–9 blasting holes were used for the cases of explosive charge and blasting radius. The cases for blasting directions were involved with the 9 and 12 blasting holes. There were three cases involving 1–3, 4–6, and 10–14 blasting holes, respectively, for studying the effect of multi-hole blasting. These values were also used for the multi-hole blasting cases (Table 4). The blast radius of 100, 120, and 140 mm was used in our tests (Table 5).
TABLE 5 | Blast radius for each group of blast holes.
[image: Table 5]RESULTS
Analysis of Acceleration Response Characteristics
The time-series data of accelerations in the horizontal (X) and vertical (Z) directions measured in the upper hard layer, soft layer, and lower hard layer are shown in Supplementary Figure S1. The acceleration time-history curves showed an asymmetrical spindle shape. The blasting vibration was characterized by an instantaneous feature. The duration of acceleration violent fluctuations was very short. The main blasting vibration was concentrated in a limited period of time in all our cases of test, such as the duration of 0.013–0.03 s, in Supplementary Figure S1A. The curve of the main blasting vibration is enlarged and shown in Supplementary Figure S1B.
1) Analysis of acceleration characteristics of each layer with different explosive charges
This section analyzes the data obtained from the blasting holes 1, 2, and 3 in the first plan (Table 4). Supplementary Figures 2–4 show the horizontal (X) acceleration characteristic curves of the upper and lower hard and soft layers with explosive charges of 5, 7, and 10 g, respectively.
It can be seen from the figures that when the amount of explosive charge was small (5 g), the difference in acceleration response of different layers was large. The acceleration response of the lower hard layer was the largest, that of the soft layer was second and the upper hard layer, the third. The peak acceleration of the three layers from the largest to the smallest was lower hard layer > soft layer > upper hard layer. The peak and minimum values of the accelerations for each layer were different, and there was a clear displacement. With the increase of the explosive charge (such as 7 and 10 g), the acceleration difference between each layer gradually decreased, and at the same time, the displacement in peaks and valleys of each layer gradually disappeared and tended to synchronize. It can be seen that when the amount of the explosive charge was small, the explosive energy was small and the acceleration response between each layer was mainly affected by the material medium, which shows an uncoordinated dynamic variation, i.e., the lower hard layer > soft layer > upper hard layer. As the amount of explosive charge increased, it resulted in the increase of the explosive energy. The acceleration response due to the influence of the material medium in each layer decreased gradually, while the influence of the explosive energy on the acceleration response increases. It can be predicted that there might be a critical value of blasting energy. When the explosive charge reaches a certain critical value and the explosive energy reaches the critical explosive energy, the acceleration response will be mainly affected by the explosive energy. The uncoordinated dynamic response of different layers will also be disappeared and tend to change synchronously. The horizontal (X) acceleration characteristic curves between layers show similar response characteristics in the cases of blast holes 4, 5, 6, 7, 8, and 9.
Based on the analysis of the vertical (Z) acceleration characteristic curves (Supplementary Figures S5–S7), it can be seen that the response characteristics are slightly different from that of the horizontal (X) acceleration curves. Overall, the acceleration response characteristics in the vertical (Z) direction of each layer are as follows: lower hard layer > soft layer > upper hard layer. At the same time, the peaks and valleys in the acceleration trace for each layer still have displacement. However, the acceleration response of the soft layer in the vertical direction was more violent than that of the horizontal. The amplitude of the acceleration in the soft layer was even close to or exceeded that in the lower hard layer at a certain time. The displacement in the peaks and valleys of the acceleration trace of the soft layer and the lower hard layer at the same time was relatively small, but at the same time, the values at the peaks and valleys of acceleration were much larger than that of the upper hard layer. However, with the increase in the amount of the explosive charge, the displacement in the peaks and valleys for each layer gradually became more and more synchronized.
According to the horizontal (X) acceleration response characteristics of each layer, it can be seen that when the explosive charge was small, the movement of the medium particles of each layer was slightly limited in the horizontal direction, and the nature of the restricted motion of the medium particles of each layer was basically the same. Therefore, the acceleration response characteristics (lower hard layer > soft layer > upper hard layer) were more prominent, and the anomalies were not prominent. However, by analyzing the acceleration response characteristics in the vertical (Z) direction, it can be speculated that when the amount of the explosive charge was small, there were obvious differences in the limitation of the movement of the medium particles in different layers in the vertical direction.
Given different material properties in each layer, the particle density is different. The movement space of the media particles in each layer is then different. In addition, during blasting vibration, the density of the material medium increases with the depth. Considering all the above, the motion of the medium particles in the lower hard layer is more restricted in the vertical direction than in the soft layer. Therefore, the acceleration of the soft layer in the vertical direction responded more violently, and its variation even approached or exceeded that of the lower hard layer at a certain time. Theoretically, the motion limit of the medium particles in the upper hard layer is smaller than that of the lower hard layer, and its vertical acceleration response should be greater than that of the lower hard layer. However, in reality, the reflection or superposition cancellation occurred when the blasting wave reached the soft layer in the process of bottom-up propagation, leading to the weakest vertical acceleration response in the upper hard layer. It should be mentioned that when the amount of the explosive charge is sufficient and can generate energy more than the critical explosive energy, regardless of the horizontal or vertical acceleration of layers, the variation in the response will tend to synchronize. In other words, the uncoordinated dynamic variation of the dynamic response of different layers will be gradually weakened. In this regard, the dynamic response is mainly affected by the blasting energy and is little affected by the material medium.
2) Analysis of acceleration characteristics of each layer with different blast radii
Based on the analysis of the test data of the second group of blast holes (2, 5, and 8), the trend curve of the peak acceleration of each layer with the distance to the center of the blast was obtained, as shown in Supplementary Figures S8, S9. The influence of blast radius on the acceleration response characteristics of each layer can be summarized as follows:
① The acceleration response of each layer tended to decay with the increase in the blast radius. Specifically, at the same measurement point, the farther the distance to the explosion source, the smaller the acceleration. The peak acceleration value appeared to decline as the blast radius increased.
② Different levels of acceleration have different attenuation trends. The attenuation trend of the acceleration of the lower hard layer was the most significant, and the attenuation of the acceleration response of the soft layer and the upper hard layer was relatively slow.
③ Horizontal and vertical acceleration attenuation rates were different. The horizontal acceleration decay rate in the lower hard layer was less than the vertical acceleration decay rate; the horizontal acceleration decay rates in the soft layer and the upper hard layer were slightly greater than the vertical acceleration decay rates;
④ It can be predicted that when the blast radius is small and reaches a certain limit value and the explosive energy reaches the critical explosive energy, the acceleration response attenuation rate of each layer will tend to be consistent. Data analysis results of the first and third groups of blast hole tests were similar.
3) Analysis of acceleration characteristics of layers in different blast directions
Based on the analysis of the test data of hole 12 at the bottom of the slope model and hole 9 at the leading edge of the slope, their characteristic acceleration curves are shown in Supplementary Figures S10–15. Specifically, Supplementary Figures S10–12 are the horizontal acceleration characteristic curves in the lower hard layer, soft layer, and upper hard layer, respectively. Supplementary Figures S13–15 are the vertical acceleration characteristic curves. Overall, the acceleration response of each layer is different in different blast directions. Specifically:
① The acceleration response of each layer during blasting at the bottom was stronger than that of the leading edge. As shown in Supplementary Figures S10–12, during blasting at the bottom of the slope, the maximum values of the peak horizontal acceleration in the lower hard layer, soft layer, and upper hard layer could reach 48.75332, 50, and 39.851071, respectively. During blasting at the leading edge of the slope, the maximum values of the peak horizontal acceleration in the above layers were 30.822168, 29.33868, and 17.92352, respectively. This pattern was more significant in the vertical acceleration response (Supplementary Figures S13–15).
② The vertical acceleration response of the same layer was more sensitive to blast directions than the horizontal acceleration. As shown in Table 6, when the location of the explosion source was different, the mean differences of the peak horizontal acceleration of the lower hard layer, soft layer, and upper hard layer were 18.3376, 21.8050, and 18.1285, respectively. The mean differences of the peak vertical acceleration of the above layers were 27.1788, 28.0374, and 30.9529, respectively. It is clear that when the blast directions were different, the vertical acceleration response of each layer was stronger.
③ Regarding the soft layer and the upper hard layer, the use of bottom blasting had a stronger effect on the acceleration than the leading edge blasting, mainly due to the different propagation methods of the blast wave.
(4) Analysis of acceleration characteristics of each layer during multi-hole blasting
TABLE 6 | Mean differences of the peak horizontal and vertical acceleration of each layer in different blast directions.
[image: Table 6]Supplementary Figures S16, 17 show the time-history curves of horizontal and vertical acceleration of each layer when holes 1, 2, and 3 were simultaneously detonated. Unlike single-hole blasting, the acceleration response of each layer during multi-hole blasting exhibits two instantaneous violent fluctuations, which have been amplified separately in characteristic acceleration curves I and II (Supplementary Figures S18–21), respectively.
Based on the analysis of characteristic acceleration curves Ⅰ and Ⅱ, it can be known that the acceleration response characteristics of each layer during multi-hole blasting were still lower hard layer > soft layer > upper hard layer. At the same time, the peaks and valleys in the acceleration trace for each layer were different, and a clear displacement was observed. This result indicates that the acceleration response of each layer is in an uncoordinated dynamic change, indicating that there is an uncoordinated deformation characteristic between each layer. This pattern is more prominent in the vertical acceleration characteristic curve, but it gradually weakens in the horizontal acceleration characteristic curve. It is mainly related to the difference in the restricted nature of the movement of the medium particles in different directions in each layer and the reflection or superimposed cancellation of the blast wave from the bottom to the top. The principle is the same as explained before.
It is worth noting that even if the explosive charge, blast radius, and blast origin were the same, the explosive energy produced by multi-hole blasting was much larger than that produced by single-hole blasting. Therefore, during multi-hole blasting, the uncoordinated dynamics of the acceleration response between layers in the slope with weak interlayers is relatively weak.
Analysis of Strain Response Characteristics
In order to obtain effective strain wave waveforms and strain wave parameters (i.e., strain wave peak value and time) of each layer in the model, the data collection frequency was adjusted appropriately, and the clutter was filtered out to process the recorded signal in order to obtain strain time-history curves that can truly reflect the deformation characteristics of each layer in the model (Supplementary Figures S22, S23). A strain time-history curve is roughly divided into three parts: front, middle, and tail. The strain fluctuations in the front part were small, indicating that there was no major deformation in each layer. The severe strain fluctuations in the middle part indicate that the media in each layer were subjected to tensile or stamping under the action of stress waves, and tensile or compressive strains began to occur inside with large strain fluctuations. The strain fluctuation of the tail part was relatively stable, indicating that a certain degree of plastic creep appeared in each layer as the stress wave gradually disappeared. The middle and tail parts of the strain time-history curves were selected for analyzing the strain response characteristics of layers. The middle and tail parts of the strain time-history curves are referred to as the strain characteristic curve Ⅰ and the strain characteristic curve Ⅱ (Supplementary Figures S24–S27).
1) Analysis of strain response characteristics of each layer with different explosive charges
Supplementary Figures S22–S27 are the strain time-history curves and corresponding strain characteristic curves of each layer during the single-hole blasting of holes 2 and 3 when the charges were 5 and 10 g, respectively.
Compared with the strain characteristic curve I, it can be seen that when the explosive charge was small (e.g., 5 g), the fluctuation of the strain response of each layer was violent and complex, and the duration was longer (about 0.2 s); the strain fluctuation of the soft layer was much greater than that of the upper and lower hard layers. The strain fluctuations of the upper and lower hard layers were basically synchronized. When the explosive charge was large (e.g., 10 g), the strain response fluctuations of each layer were gentle and simple, and the duration was short (only 0.007 s); the strain fluctuation of the soft layer was greater than that of the upper and lower hard layers. Similarly, the strain fluctuations of the upper and lower hard layers were basically synchronized. The above results suggest that when the explosive charge is small, the stress provided by the generated explosive energy is close to the yield strength of the soft layer and is far less than that of the upper and lower hard layers, resulting in severe yield deformation of the soft layer and further causing complex strain fluctuations in the upper and lower hard layers. When the explosive charge is large, the generated explosive energy can overcome the yield strength of each layer of the material medium, causing direct plastic deformation of each layer and regular strain fluctuations as the blasting vibration continues.
Based on the analysis of the strain characteristic curve II, it can be known that a certain plastic creep has occurred in each layer after blasting, and the creep continued to occur as the stress wave gradually disappeared. The difference between the two curves is that when the amount of the explosive charge was small, the plastic creep of the soft layer was the largest, followed by the lower hard layer and the upper hard layer, both of which were tensile strains. When the explosive charge was large, the plastic creep of the lower hard layer was the largest, followed by the upper hard layer and the soft layer, both of which were tensile strains, and the plastic creep of each layer presented a similar pattern of fluctuations. Following the same logic as before, when the amount of explosive charge is small, the soft layer has severe yield deformation, resulting in tensile fracture of the internal structure, and then large creep fluctuations occur. In addition, due to the severe yield deformation of the soft layer, small tensile deformation occurs inside the upper and lower hard layers, which leads to smaller creep fluctuations in the later period. When the explosive charge is large, each layer has direct plastic deformation. The upper and lower layers have brittle fractures, given the features of the material, while the soft layer has elastoplastic damage. Although the three layers have shown similar patterns of fluctuations, the strain values differed greatly in the tail section of the fluctuation, and the plastic deformation of the soft layer recovered to a certain extent. Therefore, the strain value of the soft layer was smaller than that of the upper hard layer and then the lower hard layer.
It should be noted that uncoordinated deformation characteristics of layers were observed regardless of the amount of explosive charge. In addition, the strain time-history curve and the strain characteristic curve obtained after the blasting of hole 1 with 7 g charge was similar to the curves obtained after the blasting of hole 3 with 10 g charge.
The vertical and radial strains of different layers have shown similar characteristics, but there were slight differences. This is mainly related to the limited nature of the movement of the medium particles, so it will not be further explained here.
2) Analysis of strain response characteristics of each layer with different blast radii
Supplementary Figures S28. S29 are the trend lines of the variation of the peak horizontal strain of each layer with the distance to the center of the blast during the single-hole blasting of holes 1, 4, and 7 (with 7 g charge) and holes 3, 6, and 9 (with 10 g charge). It can be seen from the figures that ①The strain response of each layer decreased with the increase of the blast radius; ②The peak strain of different layers shows a different degree of attenuation trend with the increase of the blast radius; the soft layer has the largest attenuation rate, followed by the lower hard layer and the upper hard layer; ③ It can be predicted that as the blast radius increases indefinitely, the peak strain attenuation rates of layers will tend to be consistent.
The pattern of variation of the peak vertical strain with the distance to the center of the blast is similar to that of the horizontal strain.
3) Analysis of the strain response characteristics of each layer in different blast directions
Based on the analysis of data about blasting holes 9 and 12 (with 10 g charge), the horizontal and vertical strain time-history curves of each layer during blasting from different origins are shown in Supplementary Figures S30. It is evident that the patterns of the strain response of each layer are different in different blast directions. Overall, the strain response of each layer was faster during blasting at the bottom of the slope model, and each layer had a certain plastic creep. The radial residual creep strain was larger than the vertical residual creep strain. However, during the blasting of the leading edge of the slope, the strain response of each layer was relatively slow, and the strong response occurred between 2 and 3 s without a large residual creep strain.
In the comparison of radial and vertical strains, the reason why the radial residual creep strain was greater than the vertical residual creep strain is mainly related to the limited nature of the motion of medium particles. The principle is the same as before, so it will not be analyzed again here.
It is worth noting that blast holes 9 and 12 have a small distance to the center of the blast and large charges, so the blasting of these holes can generate large blast energy. Therefore, the trend of the strain response of each layer was close to the same (Supplementary Figures S31, S32), but uncoordinated deformation could still be observed, which is consistent with the previous analysis. When the explosive energy reaches the limiting value, the dynamic response of each layer is mainly affected by the explosive energy, and the material medium has little effect on the response.
4) Analysis of response characteristics of each layer strain during multi-hole blasting
As analyzed before, the acceleration response of each layer during multi-hole blasting fluctuated violently twice. Correspondingly, each layer also had two violent strain responses during multi-hole blasting. Figures 4, 5 are the radials and vertical strain time-history curves of each layer when the blast holes 1, 2, and 3 were simultaneously detonated (with 5 g charge). In a similar way as before, the two strain fluctuations in the acceleration time-history curve for multi-hole blasting were amplified and presented in strain characteristic curves I and II (Figures 6–9).
[image: Figure 4]FIGURE 4 | Time-history curve of the radial strain of each layer during simultaneous blasting of Nos 1, 2, and 3.
[image: Figure 5]FIGURE 5 | Time-history curve of the vertical strain of each layer during simultaneous blasting of Nos 1, 2, and 3.
[image: Figure 6]FIGURE 6 | Radial strain characteristic curve Ⅰ of each layer during simultaneous blasting of Nos 1, 2, and 3.
[image: Figure 7]FIGURE 7 | Radial strain characteristic curve Ⅱ of each layer during simultaneous blasting of Nos 1, 2, and 3.
[image: Figure 8]FIGURE 8 | Vertical strain characteristic curve Ⅰ during simultaneous blasting of Nos 1, 2, and 3.
[image: Figure 9]FIGURE 9 | Vertical strain characteristic curve Ⅱ during simultaneous blasting of Nos 1, 2, and 3.
It can be seen from the figure: ① During multi-hole blasting, the strain response of each layer showed two violent fluctuations, of which the first fluctuation was greater than the second fluctuation; ② The overall strain response characteristics appear to follow the pattern of soft layer > lower hard layer > upper hard layer; ③ The patterns of strain response of different layers were approximately synchronous, but uncoordinated deformation still occurred, which was more obvious in the vertical strain characteristic curve. It can be seen that when the explosive charge, blast radius, and blast direction were the same, the explosive energy produced by multi-hole blasting was greater than that of single-hole blasting; each layer was more affected by the explosive energy, and the material medium has little effect on the response.
ANALYSIS OF THE UNCOORDINATED DEFORMATION MECHANISM
Based on the above test results, it can be known that under the influence of blasting, there is certain incoordination in the dynamic response of each layer of the slope with weak interlayers. Specifically ① The incoordination of the particle movement of the material in each layer is reflected by the uncoordinated dynamics of the acceleration response of the layers; ② Due to the uncoordinated movements of particles, it will inevitably lead to the uncoordinated deformation inside the medium, which can be seen from the uncoordinated pattern of strain characteristics of different layers.
According to the test results, with large explosive charge, small blast radius, bottom blasting, and multi-hole blasting, the dynamic responses of different layers appeared to be synchronized, and the incoordination gradually weakened. From another perspective, this result suggests that when the explosive energy is small (less than the critical explosive energy), the dynamic response of each layer of the slope is mainly affected by the internal structure of each layer under the effect of blasting. In reality, the surrounding slopes are often within the influence range of small explosive energy. Therefore, the deformation of the slope is mainly affected by the internal structure of each layer, which requires special attention.
Uncoordinated Particle Motion
Based on the analysis of the acceleration response characteristics, it can be known that there is an uncoordinated dynamic variation in the acceleration responses of different layers, and such variation is more significant between the horizontal and vertical directions. This may be related to the uncoordinated movement of medium particles in each layer during the blasting process.
In the blasting test, the acceleration sensor can be seen as a particle, and the vibration of the stress wave can be regarded as the movement of the particle. In each layer in a slope with a weak interlayer, the particle motion is not only affected by the stress wave but also by the size of the space it is located.
① Due to the different dielectric materials of the upper and lower hard layers and the soft layer, the density of the media in each layer and the movement space of the media particles are different. In addition, the stress wave is reflected, superimposed, and destructed during the propagation process from bottom to top, so the movement of the medium particles in each layer is different, presenting uncoordinated dynamic movements;
② As blasting vibration progresses, the density of the slope media particles increases with depth, which results in the vertical motion of the media particles in each layer being more restricted than the horizontal direction. Therefore, the vertical (Z) acceleration characteristic curve is slightly different from the horizontal (X) acceleration characteristic curve, but both of them have shown uncoordinated dynamic responses.
Uncoordinated Deformation
Considering the uncoordinated movements of medium particles in each layer and different yield strengths and ultimate strengths of the material, it will inevitably lead to uncoordinated deformation of the layers, which is mainly reflected by the difference in the plastic creep of the layers. When the explosive energy is small, the difference is particularly significant, indicating that the slope deformation is mainly affected by the internal structure of each layer. For example, when the explosive charge was small (5 g), the radial strain characteristic curve I of each layer under blasting of hole 2 shows that the strain fluctuation of the soft layer was much larger than that of the upper and lower hard layers, while the strain fluctuations of the upper and lower hard layers basically synchronized. This result suggests that when the explosive charge is small, the stress provided by the generated explosive energy is close to the yield strength of the soft layer and is far less than the yield strength of the upper and lower hard layers, resulting in severe yield deformation of the soft layer and further causing complex strain fluctuations in the upper and lower hard layers.
Since blasting vibration and seismic vibration have certain similarities to the deformation and destruction of engineering buildings, it can be inferred that during seismic vibration, there may be uncoordinated deformation characteristics of the layers of slopes with weak interlayers. This inference can be supported by a previous study (Cui et al., 2019; Cui 2017; Cui, et al., 2021).
SUMMARY
Based on blasting physical simulations, this study has investigated the influence of explosive charge, blast radius, blast directions, and multi-hole blasting on the dynamic response of a slope with a weak interlayer. The conclusions are as follows:
1) With a certain amount of the explosive charge, the acceleration response of each layer of the model showed a sharp fluctuation during single-hole blasting, and the overall performance of the three layers is as follows: lower hard layer > soft layer > upper hard layer. The peak and valley values of the acceleration curves of different layers appeared to be displaced, indicating that the dynamic responses of different layers were inconsistent, and their performance was slightly different in the vertical and horizontal directions. In addition, the smaller the explosive charge (such as 5 g), the more obvious the displacement of the peak and valley values of the acceleration curve and the more significant the uncoordinated dynamic responses. As the explosive charge increased (i.e., 7g, 10 g), the displacement of peak and valley values of the acceleration curve gradually decreased, and the incoordination of the dynamic responses of different layers gradually weakened and tended to synchronize. During multi-hole blasting, similar characteristics were observed as the above, but the acceleration response showed two sharp fluctuations, and the uncoordinated dynamic response gradually weakened.
2) The acceleration response of each layer decayed with the increase of the blast radius, and the acceleration response decay rate was different for different layers in different directions. As the blast radius further increased, the acceleration response decay rate of each layer gradually synchronized.
3) The acceleration response of each layer was different in different blast directions, and the acceleration response of each layer was more violent during bottom blasting than leading-edge blasting.
4) Under the effect of blasting, the strain waveform of each layer changed in three phases: front, middle, and tail. The strain curve of the middle phase fluctuated violently. The strain fluctuation of the tail phase was relatively stable but showed a certain degree of plastic creep. The uncoordinated deformation of each layer was obvious in the middle and tail phases. The uncoordinated deformation trend of different layers changed in varying degrees depending on the variation of blasting factors such as explosive charge, blast radius, blast direction, and blasting method.
5) The uncoordinated dynamic response of each layer has caused uncoordinated deformation. The uncoordinated dynamic change in the response was particularly significant when the explosive energy was less than the critical explosive energy, indicating that the change was mainly affected by the internal structure of the slope, i.e., the uncoordinated movement of medium particles. Furthermore, it is closely related to the strength of the material, propagation path of the blast wave, refraction, and the degree of superposition cancellation. When the explosive energy is large and exceeds the critical explosive energy, it can be speculated that the uncoordinated dynamic response of different layers would gradually weaken and tend to synchronize.
The physical model applied in this study is generalized from the geological prototype based on the similarity principle. Although our results were based on the scale test, the dynamic responses and basic laws of the slope model under blasting loading were effective. The blasting vibration in the mining area is very complex. It is difficult to fully meet the similarity. The obtaining of on-site blasting data is also difficult. In this study, the engineering analogy method was used to select blasting parameters. We argue that the test results can show the influence of the blasting dynamic load on the slope.
However, in actual working conditions, the surrounding slopes are mostly within the influence range of the smaller explosive energy. Our explosions are very close to the measurement points. It would be better to vary the physical model with blasts at distances farther away from those carried out. The deformation of the slope far away from the blasting position is mostly affected by the internal structure of the slopes. It is advised to pay special attention to this kind of situation and deploy appropriate measures to monitor any deformation. The critical explosive energy needs to be further studied, and it should be noted that the critical explosive energy varies with different lithology. Research is still required on how to establish the relationship between critical explosive energy and factors of blasting, such as the explosive charge and blast radius. In addition, the laws of motion for particles of different materials under blasting vibration still need to be explored to confirm the speculations in this study. It should be noted that more examples are needed to verify these results. Its validity for real cases should be supported by more research.
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