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Abstract Talus slope are widely distributed all over the world, which is a special natural landscape and widely distributed 11 

in southwest and Northeast China particularly. It’s formed by the collapse and transportation of parent rock, freeze-thaw 12 

cracking and other reasons, so it’s often loosely accumulated at the foot of the hillside or at the gentle hillside. They are 13 

usually composed of collapsed rockfalls and weathered soil mixtures with large particle sizes. Therefore, Tunnel 14 

excavation construction through blasting will directly threaten the construction and operation safety of Railway, Highway 15 

and other projects along the way, which is very easy to cause heavy economic and personnel losses. In order to explore 16 

the dynamic response mechanism of overlying loose talus slope affected by blasting construction, taking the blasting 17 

excavation of Daqianshiling talus slope as an example, we measured the size of rocks on the slope on site, carried out the 18 

on-site and indoor geotechnical tests, and monitored the velocity and acceleration in real time. Then, we constructed the 19 

two dimensional particle discrete element model of irregular rock under blasting, which calibrated based on macro 20 

mechanical parameters obtained from field measurements. On this basis, we studied the process of rock breaking by 21 

blasting, the dynamic response law of slope, the propagation law of stress wave reflected and an interesting phenomena, 22 

eddy current phenomenon, by the the numerical simulation. Finally, we verified the applicability and limitation of 23 

Sadovsky family formulas for talus slope under blasting. This research is conducive to controlling blasting parameters 24 

and safe construction. 25 
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1 Introduction 1 

As a special geomorphic landscape, talus slopes (Wang et al. 2014) are widely distributed in southwest and Northeast 2 

China. They’re formed by collapse and transportation of parent rock, freeze-thaw cracking and other reasons. They’re 3 

often loosely stacked at the foot of hillside or gentle hillside, which directly threatens the construction and operation 4 

safety of railway, highway or other projects along the way. They’re a special adverse geological disaster. Major geological 5 

disasters are easy to cause heavy economic and personnel losses (Shugar et al. 2021). When the tunnel crosses the talus 6 

slope to the underlying hard bedrock, it is difficult for large equipment to enter the site due to the geographical location 7 

of the mountain area. Therefore, it’s often used for construction that the method of grouting consolidation in the tunnel 8 

entrance and a certain range above it, and then blasting excavation (Zhu and Xie 2020), so as to ensure the safety of the 9 

slope and the construction period at the same time. 10 

Excessive explosive mass used in blasting will cause violent vibration, tumbling and jumping of rock, and even 11 

block in the tunnel entrance, affecting tunnel construction and operation. The vibration response mechanism of talus slope 12 

subjected to blasting vibration is unclear, the propagation law of stress wave is unknown, and there is no mature evaluation 13 

method for reference. Therefore, it is necessary to study the vibration response mechanism of talus slope under blasting. 14 

The existing monitoring equipment (such as blasting vibrometer) can’t be placed into the slope, and must be fixed 15 

on the rock block to maintain synchronous vibration with it. It’s difficult to monitor the inside. Because the talus slope 16 

has no constraints to restrict the movement of rock blocks, it is easier to move downward after vibration, therefore the 17 

harm is greater. Consequently, the monitoring and evaluation of vibration intensity is mainly based on the vibration 18 

velocity of rock blocks on slope, and further research is carried out with the help of numerical simulation. If the vibration 19 

of loose geotechnical medium such as talus slope is regarded as the collision between particles, Hertz's Law (Hertz 1881) 20 

is quite different because the friction between particles is not considered. The collision process between particles is very 21 

complex, and there are some shortcomings in field and laboratory tests, such as high cost and long time-consuming. The 22 

relevant theories are not widely used. For instance, the Sadovsky formula commonly used in China (Sadovsky 1945) is 23 

relatively less used in talus slope. On the basis of meeting the actual physical conditions, numerical simulation can 24 

accurately represent the static and dynamic process of geotechnical media. 25 

The existing numerical simulation methods related to the study of dynamic response mechanism of rock masses are 26 

mainly based on the continuous and discontinuous medium theory. The former includes the finite element method (Xu 27 

2017) and the finite difference method (He 2017). The latter includes particle discrete element model (DEM) and 28 

discontinuous deformation analysis (DDA), which is rarely applied to the study. Due to the discontinuity and local or 29 

global anisotropy of the talus slope, the numerical model based on the continuum theory has a large deviation in the 30 

mechanical behavior, such as the velocity change of a particle and the phase change characteristics of the overall flow 31 

(Zheng et al. 2021). The DEM based on Newton ' s second law (Cundall and Strack, 1979; Scaringi et al. 2018) has better 32 

applicability (Xu et al. 2019), which enable qualitatively or semi-quantitatively to analyze the propagation law of waves 33 

in granular materials such as talus slope (Wang 2020). At the same time, Nabipour (2013) and Hazzard (2004) verified 34 

the rationality of stress wave propagation by using 2D and 3D DEM respectively, and confirmed the applicability of DEM 35 

to simulate dynamic processes such as blasting. However, there are also shortcomings such as large amount of calculation, 36 

especially engineering level, and difficulty in modeling (Shi et al. 2021), so it is necessary to carry out targeted research. 37 

At present, there are few studies on the vibration response mechanism and attenuation law of talus slope blasting 38 

based on DEM in China and abroad. Moreover, the existing numerical simulation is mostly based on the theory of 39 

continuous medium, without considering the characteristics of discontinuous dynamic response of rock blocks, especially 40 

the irregular shape and the stress wave response law at the interface of different geotechnical media. Therefore, on the 41 

basis of field measurement, geotechnical test and vibration monitoring, we constructed the 2D DEM of the Daqianhsiling 42 

talus slope blasting vibration, and calibrated the microscopic parameters to study the vibration response mechanism, 43 

attenuation law of velocity, and so on. Deep understanding of the vibration response mechanism of rock under blasting is 44 

helpful to maintain slope stability and economic and safe construction. 45 



 

 

2 Overview of the study area 1 

2.1 Engineering overview 2 

Daqianshiling is located in the eastern section of Tianshifu-Huanren Railway with a slope of 20 ~ 40°. The tunnel 3 

passes through the slope about 126 m, and the maximum buried depth is about 50 m. The main component of the slope is 4 

Quaternary collapse, Quartz sandstone of the Sinian Diaoyutai Group with grey-shallow grey, block, gravel and silty clay, 5 

which can be divided into the talus, accumulation horizon, diluvium and underlying bedrock. Each layer is loosely stacked 6 

above the next. The tunnel passes through the slope from the elevation of 435 m, and the engineering geological profile 7 

of the slope at the entrance is shown in Fig. 1. Considering the loose structure, high porosity and poor stability of the talus 8 

slope, the sulphoaluminate cement mortar grouting is adopted to form the cemented body with high strength. The grade 9 

of the surrounding rock is improved from VI to V. In order to ensure safe operation and reduce the disturbance of blasting 10 

on rock, the excavator and crushing hammer are used as much as possible in the import section to cooperate with tunneling. 11 

The microseismic controlled smooth blasting technology is adopted when blasting operation is required. 12 

 13 

Fig. 1 Engineering geological profile of talus slope 14 

2.2 Characteristics of particle size distribution of rock and soil 15 

(1) Talus 16 

The large area of the slope at the entrance of Daqianshiling is covered by talus, and bare bedrock only appears at the 17 

top of the trailing edge of the slope. The surface of the talus at the entrance of the tunnel is covered with moss, no 18 

vegetation and humus, and most of them are long strip, conical and saddle-shaped. Rock size is mainly 0.3 ~ 1.2 m, 2.1 19 

m individually. Overall overhead structure, no broken stone and fine soil filling and the talus is overall overhead structure.  20 

In order to obtain the size distribution of rock blocks, taking the tunnel entrance as the starting point, the size of them 21 

in the range of 480 m slope length is measured upward.  22 

 23 

Fig. 2 Field measurement of rock size 24 



 

 

After smoothing by Savitzky-Golay method, the distribution characteristics were observed. The characteristic of this 1 

method is that it can ensure the distribution shape and width of the value are unchanged. From Fig. 3, it can be seen that 2 

the overall size of rock blocks does not change significantly with slope height. The size of rock blocks at toe and top of 3 

slope is relatively small. 4 
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Fig. 3 Size distribution of rock 6 

We convert the rock size by JOHNSON conversion, and the conversion formula is as follows: 7 

15.46
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+
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−
 (1) 8 

where, dorig and dcon are the original size of the rock and the transformed one, cm, respectively. After conversion, the 9 

average size is 0.002 and the standard deviation is 1.004. 10 

The Kolmogorov-Smirnov test of single sample shows that when the confidence level is 95 %, the significance level 11 

is 0.056, greater than 0.05. That is, the converted rock size is significantly in line with the Gaussian distribution. The 12 

macroscopic confusion is only external performance. 13 

(2) accumulation horizon and diluvium 14 

The accumulation horizon and diluvium are mainly composed of yellow and gray-white, loose sub-angular, stone-15 

gravel soil, which are moderately weathered. The composition is shown in Table 1. The block stone supports the whole 16 

skeleton structure in the form of natural overhead accumulation. The gravel and sand are tightly filled with silty clay 17 

without weak interlayer. The diluvium is dominated by gravel soil, and rare large granular stones. Uneven coefficient of 18 

gravel soil, Cu is 29.6, curvature coefficient, Cc is 1.3. It’s graded continuous heterogeneous soil. 19 

Table 1 shape and size of geotechnical materials in accumulation horizon 20 

Type shape Size /m 
volume 

ratio 

Block blocky 
0.5~1.2 35% 

0.2~0.5 30% 

Gravel suborbicular 0.02~0.2 25% 

Sand grainy <0.02 10% 

2.3 Blasting layout 21 

The blasting adopts non-electric millisecond detonator and smooth blasting technology, and the charge decoupling 22 

coefficient is 1.4 ~ 2.0. 2# rock ammonium nitrate explosives were used for the blasting. All blastholes were detonated 23 

almost at the same time, therefore the influence of single charge and blasthole diameter of each blast can be ignored. Sum 24 

up the charge of each hole as the charge of each blasting, and 180 blastholes were arranged. In addition to the change of 25 



 

 

dosage, the rest such as type, depth of charge, charge mode and hole arrangement are basically the same (Qi 2009), which 1 

can be regarded as only the change of total dosage Q. 2 

3 Response law of talus slope under field blasting 3 

The acceleration and velocity of rock slope are affected by the spatial orientation, propagation medium and explosive 4 

factors, such as distance between blasting center and monitoring point, R, elevation difference, H, and dosage, Q. The 5 

field measured acceleration is shown in Fig. 4. 6 

 7 

Fig. 4 Diagram of peak acceleration, ap, under different R, H and Q 8 

From Fig. 4, it is found that there is not a simple linear relationship between the peak acceleration, ap, peak velocity, 9 

vp, and R, H, and Q. The peak acceleration and peak velocity are inversely correlated with R, and positively correlated 10 

with the Q, and there is amplification effect at tunnel entrance. Due to the limited monitoring number, the higher and the 11 

interior of the slope, whether it satisfies is unknown. 12 

4 Collision and fragmentation of rock 13 

In the process of rock collision, the contact point produces large local high strain rate and stress concentration. At 14 

the same time, the stress wave oscillates and propagates along the surface and interior of the rock, and it is enclosed in 15 

the rock in the form of vibration wave (Zener 1941) and causes energy loss. In the propagation process of blasting stress 16 

wave, it mainly experiences four consumption processes: local strain, internal elastic wave, particle kinetic energy and 17 

friction heat generation, which runs through the whole process of rock collision and vibration, and gradually dissipates 18 

the stress wave. In addition to blasting stress wave, there are kinetic energy of gravitational potential energy 19 

transformation of rock as energy input to participate in the energy transfer process. 20 

In order to illustrate the principle of collision and fragmentation, two-dimensional elastic forward collision is taken 21 

as an example. The rock particles are equivalent to a circle. The mass of the two blocks in the plane is m1 and m2, the 22 

initial velocities are v10 and v20, and the velocities after collision are v11 and v21, respectively. Since the collision process 23 

is very short, the system is not affected by any external force (such as gravity), so it satisfies the law of conservation of 24 

momentum. Because the collision between rock blocks is between complete elasticity and complete inelasticity, the 25 

recovery coefficient e is introduced, which between 0 and 1. It can be determined according to the uniaxial compressive 26 

strength, elastic modulus and equivalent radius (Hu and Liu 2003).  27 

Let m1 = km2, where k is the mass ratio, then: 28 
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According to the conservation law of kinetic energy, the kinetic energy loss, ΔT, is obtained as follows : 2 
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The material of rock mass is the same, so the volumetric strain energy of the two rock masses is equal. According to 4 

the theory of volumetric strain energy intensity, the strain energy of rock mass broken by collision should satisfy : 5 

2
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where U1 and U2 are elastic strain energy of two rock blocks respectively. E is elastic modulus, ρ is density, m is mass, 7 

and σ is uniaxial compressive strength. When the strain energy satisfies formula (5), the rock will fragment. If not satisfied, 8 

it mainly causes the internal crack propagation. 9 

Due to the loose accumulation of rock blocks, the more general case should be oblique collision, and the problem of 10 

collision between rock particle chains should also be considered. If the tangential friction between rock masses is not 11 

considered, the tangential component of velocity should also meet the law of conservation of momentum. So oblique 12 

collision can be transformed into forward collision. The tangential friction mainly generates friction heat and causes rigid 13 

body rotation, and the friction coefficient and rock shape are related to the energy conversion process (Hu and Liu 2003). 14 

When the rock mass collides with the bedrock, the contacts with the bedrock surface is disordered, and the blocks are 15 

filled with gravel and fine-grained sand. The dynamic collision and energy conversion process are extremely complex, 16 

which need to be further studied by numerical simulation. 17 

5 2D particle discrete element model construction 18 

The talus slope is obviously discontinuous, and the shape, size and distribution characteristics of blocks are quite 19 

different, so it is impossible to determine the macroscopic mechanical characteristics directly by in-situ test or direct shear 20 

test. The FEM and FLAC which are suitable for simulating continuous medium can’t accurately simulate the unique 21 

constitutive relationship of loose blocks, and can’t show the dynamic response process of discontinuous large deformation 22 

of talus slopes. The DEM uses a sphere to simulate the contact relationship, and simulates the mechanical properties of 23 

geotechnical media through the combination of particles. Based on the measured results of field blasting, the DEM of 24 

talus slope at the entrance of Daqianshiling is constructed to analyze the dynamic response process. 25 

5.1 Particle construction of irregular rock 26 

The stability of rock mass depends on shear strength, which is mainly affected by block shape, surface friction 27 

coefficient and other factors (Edmans and Sinka 2020). The wave velocity of soil-rock mixture is mainly affected by void 28 

ratio, elastic modulus and particle shape (Zhang Fei et al., 2020). Therefore, the change of rock block shape can’t be 29 

ignored in the study of dynamic response process. Although the shape of rock mass is diverse and the spatial position is 30 

uncertain, the size diversity and complexity similar to that of nature can still be obtained by randomly simulating its 31 

surface characteristics on the basis of simplifying the surface size. Spherical particles cannot consider strong bite force 32 

(Cho et al. 2010), but irregular particles can reflect the influence of irregular shape of rock blocks on bite force (Bahrani 33 

et al. 2011). 34 

The randomness of rock shape is mainly affected by the randomness of the number, radius and angle of surface 35 

control points for a single rock. On the whole, the randomness of the overall rotation should also be included. Therefore, 36 

according to the above investigation of rock mass size, the rock mass with Gaussian distribution after rock mass size 37 

correction is constructed. Assuming that the randomness of rock control points conforms to Gaussian distribution too (Su 38 

and Wang 2021), 64 templates are constructed as shown in Fig. 5. When the mean value of control points is 7 and the 39 

variance is 2.0, the rock block shape obtained is basically consistent with the rock block shape in the field. 40 

In addition, the spatial distribution characteristics of the talus should be considered in the field simulation. The 41 



 

 

correlation between rock block size and elevation is weak. It is assumed that the spatial position and rotation angle of 1 

rock blocks with different sizes conform to the uniform distribution. Firstly, the volume of rock mass generates regular 2 

sphere (volume V2) according to the same gradation curve as the field rock mass (volume V1), and then the equal volume 3 

replacement method is used to replace the irregular sphere (volume V3) to obtain the distribution characteristics of rock 4 

mass that have been in the field. Because it’s irregular, the sphere volume obtained is larger than the actual rock block, 5 

namely V1< V2. Under equal volume replacement, V2 = V3. V1=η2V2=πη2r2. η is the volume equivalent coefficient. when η 6 

is 0.85, it has a good fitting effect that the test shows.  7 

 8 

Fig. 5 Irregular template of rock in talus 9 

In addition to the rock in talus, the rock in the accumulation horizon, diluvium and underlying bedrock is regarded 10 

as regular circular due to high roundness. 11 

5.2 Calibration of microscopic parameters 12 

The rock-soil-gravel soil in the accumulation horizon is mixed with large stones. Relying on the indoor large-scale 13 

direct shear instrument to carry out the direct shear test will obtain the results that can reflect the actual situation better 14 

than the conventional small-scale direct shear test, which eliminate the coarse particles and affect the test results. We test 15 

the macro parameters of diluvium through indoor small-scale direct shear test and the one of bedrock and talus through 16 

uniaxial compression test. 17 

There are three main problems in the construction of 2D slope, the selection of particle and model size, the porosity 18 

conversion of 3D to 2D and the calibration of microscopic parameters. The quartz sandstone particles are in the millimeter 19 

level. If the small particles are used to build the engineering level model, the number of particles will inevitably increase. 20 

Therefore, the step-by-step verification method (Peng et al. 2020) is used to gradually adjust the parameters, so that under 21 

the same mechanical conditions, the macroscopic parameters of the numerical model are basically consistent with the 22 

macroscopic parameters of the laboratory test. It can be considered that the numerical model meets the requirements of 23 

size and strength. The specific steps are as follows: 24 

(1) Firstly, we established a numerical model (Model 1) with the same size and particle radius as the rock sample in 25 

the laboratory test. Through the numerical test and the trial-and-error method, the microscopic parameters that were 26 

basically consistent with the mechanical behavior of the laboratory test were gradually obtained. (2) Then, Keeping the 27 

parameters and particle radius unchanged, we expanded the size of numerical model (Model 2), and obtained the 28 

mechanical parameters through numerical experiments. (3) Finally, Keeping the numerical model size consistent with the 29 

model two, we expanded the particle radius (model 3), and adjusted the microscopic parameters to keep consistent with 30 

the mechanical behavior of model 2. Repeat step (2) and step (3) to obtain the appropriate particle size, the microscopic 31 

parameters can be used to establish the engineering level model. 32 

The measured porosity is three-dimensional, and the corresponding two-dimensional porosity needs to be converted. 33 

Particle structure is not regular structure such as hexahedron and hexagonal lattice structure (corresponding to the loose 34 



 

 

and dense state of particles with equal particle size, respectively) (Wang et al. 2014). The relative density factor, Dr, is 1 

introduced to obtain two-dimensional porosity: 2 

1.5

3 2
1 (0.25 0.61)(1 )

D D
n Dr n= − + −            (6) 3 

where n3D and n2D are the three-dimensional and two-dimensional porosity of the sample, respectively. The approximate 4 

two-dimensional porosity can be obtained by this formula. Since the size of the talus and accumulation horizon is known, 5 

it can be generated directly. The bedrock and diluvium are not the focus, only to meet the strength requirements. The 6 

microscopic parameters of different rock and soil are calibrated separately according to numerical tests. 7 

(1) Bedrock 8 

In order to simulate the failure characteristics of rock mass at high strain rate, the strength and stiffness parameters of 9 

rock were obtained by the conventional uniaxial compression test under different strain rates for the rock samples taken 10 

in the field, and then calibrated according to the numerical test.  11 
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Fig. 6 Numerical uniaxial test 13 

The simulated rock sample size is 15 m × 30 m, and the particles are uniformly distributed in the range of 0.18 ~ 14 

0.25 m. The minimum size ratio of the model to the minimum size of the particles is 41. The porosity of the model is 0.10 15 

and 2758 particles are generated. The contact is modeled by linear parallel bond model. Under static load, the macroscopic 16 

elastic modulus E is 5.03 GPa, the compressive strength is 75.33 MPa, and the Poisson ' s ratio is 0.24, which is basically 17 

consistent with the actual parameters of samples. 18 

The dynamic stiffness and dynamic strength of rock mass should also be considered in the process of blasting 19 

dynamic action. The ratio of them to strain rate εk under dynamic and static load satisfies (7) and (8). 20 

[ ]lg( ) sd kK a b Kε= +  (7) 21 

[ ]lg( )d k sc dσ ε σ= +  (8) 22 

Where a ~ d is coefficient. Kd, Ks, σd, and σs is dynamic stiffness, static stiffness, dynamic strength and static strength 23 

respectively. Through the conventional uniaxial tests with different strain rates (1×10-2, 1×10-3, 1×10-4, 1×10-5 and 1×10-24 

6), a ~ d is 0.1434, 1.0953, 0.1206 and 1.024, respectively. 25 

(2) Diluvium 26 

The diluvium contains clay particle, therefore it’s calibrated by numerical direct shear test. The size of shear box is 27 

15 m × 15 m, and the contact model is linear parallel bond model. From fig. 7, it can be seen that the shear stress and 28 

shear displacement curves simulated under different normal stresses are well fitted. Since the shear stress has no peak 29 

value, it is considered that the disturbed soil sample has been sheared when the reading slowly increases to the level and 30 

the shear deformation increases sharply, and the stable value is taken as its shear strength. The values of c and φ obtained 31 

by linear fitting are 10 kPa and 29°, respectively. 32 
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Fig. 7 Numerical direct shear test 2 

(3) Talus and accumulation horizon 3 

The internal frictional angle is obtained by the natural angle of repose. Using the test method of simulating natural 4 

accumulation, the rock blocks are naturally accumulated directly in the container then slowly lifting the container. 5 

  6 

Fig. 8 Numerical accumulation test 7 

Using the above irregular particle generation method, there are 830 symbiotic diagenetic blocks with a size range of 8 

0.3 ~ 2.1 m. Due to the characteristics of loose accumulation and large porosity, the bond strength and cohesion between 9 

particles can be ignored. The main physical parameters are the weight density, stiffness and internal frictional angle. The 10 

final accumulation results are shown in Fig. 8. The same microscopic parameters are used in the accumulation horizon. 11 

In summary, the micro-mechanical parameters of each layer are shown in Table 2. Linear contact is adopted at the 12 

interface of each layer, and the contact stiffness and strength are half of the medium on both sides. In order to prevent 13 

tunnel collapse, the lining is equivalent to a multi-section wall, and the wall is added and balanced after tunnel excavation. 14 

The vertical increment ΔFy of the force exerted by the rock mass on the lining after blasting will cause the lining to move 15 

in the same direction. If lining is regarded as linear elastic material, there are: 16 

y eF K S EL v t∆ = ∆ = × ∆ × ∆         (9) 17 

Where Ke is the normal stiffness of the lining, GPa. ΔS is the numerical displacement increment of lining, L is the 18 

length of lining, Δv is the vertical increment of velocity obtained by lining. If Δt is updated once in each time step, it’s a 19 

constant. The equation (9) indicates that Δv obtained by lining is proportional to the vertical increment of contact force. 20 

It should be noted that the linear parallel bond model is adopted between rock and lining to make them not separate. 21 

Table 2 Macroscopic parameters of rock-soil mass 22 

name 
Bulk density shear modulus poisson’ s ratio cohesion 

frictional 

angle 
porosity 

kN×m-3 GPa / kPa ° % 

talus 21.0 0.019 0.30 20 35.0 20 



 

 

accumulati

on horizon 
21.0 0.019 0.30 20 35.0 20 

diluvium 20.5 0.074 0.25 10 29.0 15 

bedrock 26.0 2.08 0.20 1500 50.0 5 

Table 3 Micro-parameters of rock-soil mass 1 

Mesoscopic parameters Bedrock Diluvium Accumulation horizon  Talus 

Radius /m 0.18~0.25 0.18~0.60 0.18~0.60 0.10~1.05 

Shape circle circle circle random 

Porosity 0.135 0.135 0.15 0.2 

Density /(kg×m-3 ) 2600 2050 2090 2143 

Contact type linear parallel bond model linear 

Friction coefficient 0.5 0.2 0.5 0.5 

Normal stiffness /GPa 2.3 0.011 2.3 2.3 

Linear stiffness ratio 2.0 1.5 2.0 2.0 

Normal bond stiffness /GPa 2.3 0.011 / / 

Bond stiffness ratio 2.0 1.5 / / 

Tensile strength /MPa 21.84 0.01 / / 

Internal frictional angle /° 50 29 / / 

Cohesion /kPa 3.0×104 50.0 / / 

2 

5.3 Blasting and boundary conditions 3 

The blasting process is simulated by the method of expanding the radius of the package. The position of the package 4 

is fixed, the radius is expanded to overlap with the surrounding rock particles, and the larger overlap makes the rock 5 

particles obtain the blasting force. Blasting is equivalent to triangular load. Rise time, tr, total time, ts, are etermined by 6 

formula (10) and (11): 7 

0.15 (2 ) 61
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7
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t Q t

r

µ− −=  (10) 8 
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r
t Q

K r
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Where Kc is the volume compression modulus of rock mass, GPa. μ, Q same as above. r is the distance from the 10 

center of the borehole, m. rb is the hole radius, m. The formula shows that when the detonation pressure and period are 11 

fixed, the pressure on the rock around the borehole is triangular with time. According to the linear contact principle of 12 

particles, the blasting pressure can be applied to the rock around the borehole by reasonably controlling the radius 13 

expansion relationship of the blasting package. 14 

When the charge is not coupled, the maximum pressure pmax when the impact pressure reaches the hole wall satisfies 15 

(Yang et al. 2019): 16 
3 3 6

max 0 02 ( / ) =2v c b vP n Q V V n Q kρ ρ η=        (12) 17 

Where ρ is explosive density, Qv is the explosive heat. Vc and Vb are explosive volume and chamber volume. n is the 18 

increase multiple, 8 ~ 11. k is the charge coefficient, the ratio of charge length to blasthole length, 0.83. η is the charge 19 

uncoupling coefficient, the ratio of charge radius to blasthole radius, 0.66. 20 

Under the linear contact theory, the radius and contact stiffness between the circular borehole and the surrounding 21 

rock satisfy: 22 

max 0 max2 / nr r p Kπ=  (13) 23 

Where r0 is the original radius, m. Kn is the combined contact stiffness between particles, GPa. rmax is the maximum 24 

expansion radius, m.  25 



 

 

Therefore, by combining the above equations (10) ~ (13), the relationship r(t) between the radius of the package and 1 

the time can be obtained. ρ0 is 1000 kg/m3, Qv is 4000 kJ / kg, n is 10, r0 is 0.15 m. Finally, the rise time of explosive, 2 

total time and blasting load are shown in Fig. 9. 3 
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Fig. 9 Diagram of blasting triangular wave and radius increment 5 

In order to simulate infinite medium, we need absorb the kinetic energy of incident wave or increase the transmission 6 

wave energy at the boundary. To improve the limitation of using high damping coefficient on the boundary, the boundary 7 

force is applied to the boundary particles and the boundary force is corrected by considering the dispersion effect of stress 8 

wave. The relationship between incident boundary force, transmission boundary force and particle velocity satisfies: 9 

2

2

n p P n

s p S s

R C v
F

R C v

ξ ρ

ξ ρ

− •= − •
 (14) 10 

Where ξn and ξs are correction coefficients of longitudinal wave and shear wave dispersion effect respectively. Rp is 11 

the radius of particles, ρ is the density of medium, Cp and Cs are P wave and S wave respectively. vn and vs are the normal 12 

and tangential velocities of particles, respectively. Both ξn and ξs are 0.35, and the obtained stress wave effect is good.  13 

If the stress wave propagation in non-boundary particles is realized by setting local damping, the velocity will be 14 

reduced and distorted at each calculation time step (Zhang et al. 2018). Therefore, the normal and tangential stiffness 15 

damping coefficients are set as 0.7 and 0.5, respectively, to simulate the energy dissipation during particle collision. 16 

5.4 Establishment of DEM of the talus slope 17 

A total of 56336 particles and 18728 non-spherical particles were generated by using the shape, size, strength, 18 

stiffness and other parameters consistent with the calibration (Fig. 10). 19 

 20 

Fig. 10 DEM of Daqianshiling talus slope 21 

The overall height of the model is about 130 m and the horizontal length is about 300 m. The limit height of tunnel 22 
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is 10.4 m. The local coordinate system is established with the blasthole at the footage, 160 m, as the origin. The direction 1 

to the tunnel entrance is the negative direction of X axis, and the vertical direction is Y axis. There are 262 monitoring 2 

points, with the horizontal interval 11.05 m, the vertical interval 4.37 m, and the monitoring radius 2.0 m. The blasting 3 

center is set to the middle of the upper step face. When the maximum velocity is less than 1 mm/s, the model is considered 4 

to be balanced. The time step is 1.447×10-5. 5 

6 Mechanism of slope vibration response under simulated blasting 6 

6.1 Mechanism of Blasting Vibration and Stress Wave Propagation 7 

The high-temperature, high-pressure and high-speed gas generated by blasting rapidly acts on the rock of the 8 

blasthole and rapidly diffuses and attenuates outward, causing the vibration of the overlying slope. The whole process is 9 

mainly divided into three stages: shock wave, stress wave and seismic wave, which cause rock crushing, fracture and 10 

elastic vibration respectively (Fig. 11). 11 

 12 

Fig. 11 Crack diagram near blast hole (t =5.8×104 steps; Ⅰ, Ⅱ and Ⅲ represent crushing zone, fracture zone and elastic 13 

vibration zone respectively) 14 

Stage 1, rock crushes around borehole (region Ⅰ). At the initial stage of explosive detonation, the shock wave formed 15 

by detonation wave and detonation gas acts on the borehole sharply, and the peak pressure is much larger than the 16 

compressive strength of bedrock, which causes the bedrock to crush and form a crushing zone. Stage 2, rock mass rupture 17 

around borehole (region Ⅱ). After the blasting shock wave is consumed through the crushing zone, it is rapidly attenuated 18 

to compressive stress wave, and the velocity of wave front is close to the sound velocity of rock mass. The rock mass 19 

produces radial compression deformation under radial compressive stress and radial cracks under tangential tensile stress. 20 

The radial initial fracture expands rapidly under the dual action of tangential tensile stress and air wedge. Stage 3, elastic 21 

vibration of rock mass outside the fracture zone (region Ⅲ). Blasting shock wave after the first two stages of rapid 22 

attenuation, vibration wave velocity attenuation to seismic waves, only can cause rock elastic vibration, basically no 23 

plastic deformation. At the same time, it is found that the influence range Ⅲ>>Ⅱ >Ⅰ, and the development speed and 24 

influence range of blasting cracks are far smaller than the propagation range of stress waves, so the talus slope is only 25 

affected by seismic waves when it is far from the blasthole. 26 

After the stress wave reaches the tunnel face, the compression wave reflects the reflected tensile stress wave and 27 

propagates to the source of the compression wave, forming a tensile stress zone within a certain range of the interface. Its 28 

strength is sufficient to break the rock, resulting in multi-layered lenticular delamination (Fig. 11). Throwing objects 29 

eventually accumulate near the tunnel face under the action of impact force, air resistance and self-weight. The vibration 30 

velocity of talus slope at different time after blasting is shown in Fig. 12. After blasting, the circular wave front rapidly 31 

expands outward and produces refraction and reflection at the interface (Fig. 12 (a) ~(c)). The larger velocity in the lower 32 

part will transfer to the upper slope (Fig. 12(d) ~ (f)), and gradually stabilize from bottom to top. 33 
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 1 

Fig. 12 Velocity of talus slope at different time (expressed in red when it’s greater than 0.1 cm×s-1, and the following is 2 

the same; (a)~(f) represent t is 0.1×104 steps, 2×104 steps, 0.54×104 steps, 2.6×104 steps and 5.4×104 steps respectively) 3 

The bedrock is located in crushing zone and fracture zone during blasting. The accumulation horizon is in the 4 

elastic vibration zone, and may be in the fracture zone when the explosive quantity is large or near the explosion center. 5 

The talus is in the elastic vibration zone (the tunnel entrance generally doesn’t explode). When the stress wave or seismic 6 

wave passes through the interface, the interface reflection and refraction should also be considered. There are two main 7 

interfaces between the accumulation horizon and the bedrock, and between the talus and the accumulation horizon. 8 

Fig. 12 shows that the wave front after blasting is similar to circular, and develops to the slope surface after two 9 

refractions at the interfaces, and finally the wave front is tangent to the surface of the slope. In general, when the wave 10 

front is circular, the tangent point is the place arrived firstly. From Fig. 12 (a)~(c), the wave front and the cut point of the 11 

interface are connected, and the main direction of slope development shown in Fig. 13 is obtained. The cut point is just 12 

above the vertical explosion center, which is another reason for the first arrival of the point. By amplifying the velocity 13 

of rock at the initial point (Fig. 14), it’s found that the vibration direction is consistent with the propagation direction in 14 

Fig. 13, and isn’t vertically upward, so it’s not caused by the reason two. 15 

     16 

Fig. 13 Propagation direction of seismic wave     Fig. 14 Vibration direction of rock on the surface of the slope 17 

After multiple reflections and refractions inside the slope, especially the initial compressive stress wave is reflected 18 
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as tensile wave at the interface, and when the tensile wave reaches the surface of the explosion hole, it will be reflected 1 

as compressive wave.  The rock particles between the explosive and the free surface are all accelerated, and the deep 2 

rock crack stops expanding due to the unloading of tensile waves. A very complex dynamic stress field is formed under 3 

the combined action of compression wave, tensile wave and explosion gas pressure in the explosion chamber (Fig. 12 (d) 4 

~ (f)). The rock between the hole and the tunnel face uplifts, ruptures and bulges, and finally the tunnel face forms a 5 

throwing funnel and the throwing objects accumulate near the tunnel face.  6 

  After blasting, the bedrock quickly becomes calm, but the talus slope is difficult to be stable for a long time, and 7 

the local talus slope is in a metastable state. It is easy to form collapse holes under the weakening or slight disturbance of 8 

the contact, and even cause the collapse of the talus slope. It shows the discontinuity and anisotropy of rock mass, and 9 

also reflects the rationality and necessity of irregular particle modeling. 10 

Through the above analysis, it can be seen that the vibration process of bedrock and talus slope reflected by the 11 

numerical simulation based on particle discrete element is consistent with the vibration effect and stress wave propagation 12 

law after blasting in practice, indicating that it is feasible to use this method to simulate the vibration process.  13 

6.2 Eddy current phenomenon of rock 14 

After the explosion, as shown in Fig. 15(a), two concentric circular wave fronts appear around the blasthole.  15 

 16 

Fig. 15 Front of P, S wave (t =3.0×103 steps; (a) and (b) represent entirety of the model and enlarged model respectively) 17 

After velocity amplification, as shown in Fig. 15 (b), the first wave front move along the wave front propagation 18 

direction, and the second wave front rock particles move along the vertical propagation direction, corresponding to the P 19 

wave and S wave respectively. Before blasting, the particles are close to be static state and the whole movement direction 20 

is disordered. After blasting, the movement direction of rock changed from disorder to orderly state driven by stress wave 21 

or seismic wave. The vibration velocity was similar to the ripple produced by the calm lake surface falling into the stone. 22 

When encountering obstacles, refraction and reflection occurred. 23 

The vibration velocity vector diagram of some stages of the vibration process in Fig. 16 shows that the rock diffuses 24 

outward driven by blasting, and the seismic wave diffuses to both sides after reaching the slope surface, which is similar 25 

to the phenomenon of fluid vortex. When the kinetic energy decays to less than enough to push the particles upward 26 

vibration, the particles change the direction of vibration. Similar multiple cycles induce wave attenuation of velocity. 27 

Finally, after multiple refraction and reflection at the interfaces, the direction of particle vibration is gradually disordered, 28 

and it is still again after the dissipation of elastic wave. 29 

 30 

Fig. 16 Eddy current of the talus slope ((a), (b) and (c) represent t is 5.8×104, 6.1×104 and 6.3×104 steps respectively) 31 
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6.3 Potential sliding surfaces and local unstable structures 1 

Compared with the rock slope with great integrity, the displacement of talus slope with discontinuity is larger under 2 

the same condition, and the slight movement of the lower rock block may cause large-scale collapse. Figs. 17(a) ~(d) are 3 

the images of slope displacement in partial time. 4 

 5 

Fig. 17 Displacement of talus slope((a) represent t is 2.0×103 steps; (b), (c)and (d) represent t is 1.4×105 steps, and 6 

represent unstable rock blocks on the surface and inside of the slope respectively) 7 

Similar to the velocity, the rock particles move outward radially in concentric circles after blasting, reflecting and 8 

refracting at the interfaces. From the displacement of the slope at the time step, 1.4×105 (Fig. 17(b)), it can be seen that 9 

the displacement from the foot to the top of the slope increases gradually, mostly less than 0.6 cm, and there is a potential 10 

arc slip surface at the interface between the talus slope and the bedrock, the talus slope and the accumulation horizon. 11 

There is a large displacement of individual rock in the slope surface and inside (Fig. 17(c) ~(d)), reaching about 2.0 m. 12 

7 Vibration attenuation law and vibration velocity evaluation of talus slope 13 

7.1 Evaluation of peak vibration velocity 14 

The relatively mature blasting vibration velocity evaluation formula is Sadovsky formula, which is widely adopted 15 

in China. The attenuation law of vibration velocity in homogeneous hard rock mass with good continuity under blasting 16 

vibration is well fitted, but the applicability in loose rock slope needs further research. Domestic and foreign scholars use 17 

dimensional analysis and engineering verification methods to study the dynamic response law and stability of rock slope 18 

under blasting from slope effect (Guo et al. 2001), elevation (Tang et al. 2007) and topography (Tang and Li 2011). 19 

Previous studies have shown that the peak velocity V is not only related to the distance between the blasting center and 20 

the slope surface, R, dosage, Q, and geological conditions, K, but also related to the elevation difference H, horizontal 21 

distance Dh and other factors. Therefore, the Sadovsky family formula shown in Table 4. where K represents the blasting 22 

conditions coefficient, α is the geological condition coefficient, γ is the relative slope influence factor, and β is the 23 

elevation influence factor. 24 

Table 4 Attenuation formulas of vibration velocity 25 

Order Time Source Formula 

1 1945 USSR (Sadovsky, 1945) 1 3 /V K Q R α= ( )  

2 1955 Europe (Wang et al. 2004) 2/V K Q R α= ( )  

3 1958 Sweden (Wang et al. 2004) 1 2 3 4/V KQ R=  

4 1966 USA (Wang et al. 2004) 1 2 /V K Q R α= ( )  

5 1976 Japan (Wang et al. 2004) 3 4 2/V KQ R=  

6 1988 Zhu Chuantong (1988) 1 3 1 3( / /V K Q R Q Hα β= ) ( )  

7 2004 Hu and Wu (2004) 1 3 / / hV K Q R R Dα β= ( ) ( )  

8 2007 Standard (2007) 1 3 1 3/ /hV K Q D Q Hα β= ( ) ) )  

9 2011 Tang et al. (2011) 1 3

1 2 / /V K K Q R H Rα β= ( ) ( )  

10 2020 He et al. (2020)  1 3 / / /h h hV K Q D R D H Dα β γ= ( ) ( ) ( )  

In addition, including the Swedish scholar, Langfors, in 1958, the European scholar, P. B. Attewell et al., in 1955, 26 

the American Bureau of Mines, J. R. Devine et al., in 1966(Wang et al. 2004), the Japanese Asahito Industrial Co. Ltd., 27 
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in 1976 (Table 4), and the UK, India et al. (Lei 2015), the attenuation formula of peak vibration velocity adapted to the 1 

country was proposed. 2 

To eliminate the local limitations of formulas, a more general Sadovsky family formula can be derived from table 4: 3 

hV KQ R D Hα β γ ξ=  (15) 4 

Where V, K, Q, R, Dh and H have the same meaning as before. α, β, γ and ξ are coefficients related to blasting 5 

conditions, which are obtained through field blasting or experience. 6 

The velocity is not only related to the elastic wave caused by blasting, but also affected by gravity. Unlike continuous 7 

rock, there is no cohesive force between rock blocks to prevent separation. If the vertical line between the blasting center 8 

and the slope surface is taken as dividing line of the dominant force. The peak velocity V is dominated by the blasting 9 

load in the area below the boundary, by blasting load and gravity above the boundary and gradually transits to only gravity. 10 

Below the dividing line, the elastic wave caused by blasting and gravity result in the downward compaction of the 11 

rock. Because the rebound elastic force is weaker than the initial force. The overall performance is compression state. The 12 

properties of rock mass are similar to those of continuous rock mass. Above the dividing line, the elastic wave caused by 13 

blasting will also cause block compaction, but the direction is upward. When rebounding, gravity dominates the 14 

mechanical behavior of rock. Therefore, the overall performance is tensile state. Blocks fall under the action of gravity 15 

and elastic potential energy accumulated by elastic wave when compress rock blocks. In addition, the downward 16 

displacement of the upper rock block is intensified due to the compaction of the lower part. Therefore, the rock mass 17 

above the dividing line reflects its discontinuous characteristics and enlarges the blasting effect. 18 

According to 17 groups data on site, the velocity of each direction are fitted by domestic formula in table 4(Fig. 18).  19 
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Fig. 18 Correlation index R2 diagram fitted by different formulas 21 

The goodness of fit is judged by the correlation index R2. From Fig. 18, except for the poor fitting of Formula 8, the 22 

R2 values of the other formulas in different directions are greater than 0.83, and the overall fitting effect is good. Due to 23 

the talus slope structure is loose, discrete, and affected by the difference of sample data, resulting in the overall fitting 24 

degree is not high. Since the monitoring positions are all below the line, the positions above need to be further verified 25 

by numerical simulation. 26 

7.2 Vibration attenuation law of talus slope 27 

The talus slope is mainly composed of two-phase or three-phase medium. The seismic wave propagates in slope 28 

skeleton itself and the interstitial fillings such as gas and liquid, which leads to the attenuation of vibration wave, which 29 

is the main influencing factor of attenuation. Blasting vibration causes talus slope particles to collide with each other. At 30 

the same time, the rapid movement of gas and liquid molecules produces large amounts of heat and absorbs vibration 31 

waves. Therefore, vibration frequency gradually weakened, and the waveform gradually dispersed. The faster the 32 

vibration frequency is, the faster the vibration attenuation is. 33 

In order to further explore the vibration and seismic wave attenuation law of the talus slope, the monitoring of the 34 



 

 

horizontal right and vertical upward of the blasthole, the horizontal position of the upper part of the tunnel and the slope 1 

surface are selected to analyze the vibration velocity and displacement response. 2 

Fig. 19 and Fig. 20 are the time-history curves of velocity and displacement of horizontal right monitoring points. 3 

The velocity and displacement fast first and then slow, like wave attenuation. 4 
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Fig. 19 Velocity time-history curve in X positive 

direction 

Fig. 20 Displacement time-history curve in X positive 

direction 

The difference is that the rock velocity tends to be static after a certain time, and the displacement of the closer 5 

monitoring point tends to be nonzero due to the residual deformation. 6 

The descending exponential function (Formula 16) is used for fitting. The fitting results is good. The velocity and 7 

displacement response of horizontal monitoring points above the tunnel are similar. 8 

0

0 0

c x
y a b e

−= + ×  (16) 9 

In the formula y is velocity or displacement. x is time or distance. a0, b0 and c0 are constants. The greater the c0, the 10 

faster the attenuation. 11 

The peak velocity and peak displacement responses in the vertical direction are shown in Fig. 21 and Fig. 22. The 12 

peak velocity in the vertical direction also decays exponentially with the increase of elevation (time), and the attenuation 13 

gradually slows down.  The peak displacement of accumulation horizon layer increases exponentially with the increase 14 

of elevation (time), and transits to linear growth in talus.  15 
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Fig. 21 Attenuation curve of velocity in vertical 

direction 

Fig. 22 Attenuation curve of displacement in vertical 

direction 

The peak velocity and peak displacement response curves of slope surface are shown in Fig. 23. The peak 16 



 

 

displacement of the surface rock increases linearly with the distance from the tunnel entrance. The peak velocity increases 1 

exponentially with the increase of distance. The velocity of the tunnel entrance has an amplification effect, which is 2 

consistent with the actual phenomenon. 3 
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Fig. 23 Velocity and displacement attenuation curve of slope surface 5 

According to the fitting results, when the blasting position and blasting charge are fixed, the peak vibration velocity 6 

of talus slope meets the exponential growth law: 7 

dV Keγ=  (17) 8 

In the formula, V, K means the same as above, d is the horizontal distance between a point on the slope and the tunnel 9 

entrance. γ is the coefficient. 10 

Unlike table 4 above, the measured and simulated velocity values below the dividing line (correlation index R2>0.9) 11 

basically meet the Sadovsky formula. The difference above the dividing line is large, which is exponential growth, and 12 

the overall fitting is good. The measured peak vibration velocity is between the exponential curve and the simulated value. 13 

Similarly, the tunnel entrance amplification effect is not well represented at present. 14 

In addition to the amplification effect of tunnel entrance, the formula (17) and Sadovsky family formulas can’t be 15 

better expressed, the measured and simulated values of velocity near the entrance (correlation index R2>0.9) basically 16 

meet formulas, but the difference increases gradually along the slope. The measured peak vibration velocity is between 17 

the exponential curve and the simulated value. 18 

8 Conclusions 19 

(1) The size of the rock in the talus meets the characteristics of Gaussian distribution after Johnson transformation. 20 

The overall size of rock blocks in the field does not change significantly with the slope height, which is relatively small 21 

at the toe and top of slope. 22 

(2) The process of rock breaking by blasting, vibration of the talus slope, and the propagation law of stress wave 23 

reflected by the numerical simulation based on two-dimensional particle discrete element are consistent with the actual 24 

situation, which shows that this method is feasible to simulate the vibration process of talus slope subjected to blasting. 25 

The irregular particles close to the actual shape can better reflect the real process and overcome the shortcomings of 26 

continuum theory. 27 

(3) The peak velocity and peak displacement in the horizontal direction decay exponentially. The peak velocity in 28 

vertical direction decreases exponentially with the increase of elevation or time, and the attenuation speed slows down 29 

gradually. The peak displacement in vertical direction, of accumulation horizon, increases exponentially with the increase 30 

of elevation (or time), and transits to linear growth in talus.  31 

(4) With the increase of the distance from the tunnel entrance, the peak displacement of the rock on the slope surface 32 

increases linearly and the peak velocity increases exponentially. There is an amplification effect on the velocity and 33 



 

 

acceleration at the entrance, which is consistent with the phenomenon actually monitored. 1 

(5) The discontinuity of the talus slope is the direct reason that the peak velocity of slope increases exponentially 2 

and gradually doesn’t meet the Sadovsky family formula upward. 3 
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