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Abstract

:

Accurate prediction of blasting vibration associated with tunnel engineering is essential to ensure the safety and stability of tunnel excavation and to prevent any damage or distress to adjacent existing tunnels. Based on the dimensional analysis principle, this paper deduces the classical Sadovsky formula, analyzes its limitations from a mathematical point of view, and proves the feasibility of using this principle to derive a prediction model of blasting vibration. On this basis, considering the influence factors of blasting vibration such as the rock density, delay initiation time, and number of free surfaces, a new prediction model that can simultaneously consider the influence of the vibration in near-field and far-field blasting is proposed, and its rationality is explained. Combined with a case study, comparative analysis, variance analysis, and Akaike information criterion, the results show that the new prediction model can effectively solve the difference in blasting vibration in different types of blast holes and different areas, and the calculated results are in better agreement with the monitoring data than is the Sadovsky formula. Overall, this study provides a new solution and reference for more accurate prediction of blasting vibration.
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1. Introduction


In tunnel construction, the use of explosives for rock mass excavation offers several technical and economic advantages when compared with other excavation methods. However, given the several safety issues and, particularly, environmental impacts associated with blasts, for example, when dealing with an urban environment, ground-borne vibrations play a significant role in the application of blasts for rock excavation, as they can lead to lower severity consequences, such as the discomfort of nearby populations or malfunctions in sensitive equipment, and high-severity consequences such as structural building damage [1,2]. Given this, ground-borne vibrations have been a target for higher environmental restrictions, with the publication of new standards all over the world. These restrictions may be critical for the productivity and feasibility of geotechnical projects, and prediction models have become increasingly important.



To control ground vibration production due to a blast, there is the need to impose certain maximum allowable vibration amplitudes that affect infrastructures. In 1962, the U. S. Bureau of Mines published a review for estimating damage to structures due to vibrations produced by blasts [3]. In this review, field data and associated structural damage observations were subjected to a thorough statistical analysis to determine if one of the variables, ground displacement, velocity, or acceleration, is more reliable than the others for damage estimates of structures. It was concluded that particle velocity was the most closely related to the degree of structural damage. Therefore, peak particle velocity (hereafter abbreviated as V) has been used as the controlling parameter in many countries and regions [4,5], such as China’s safety code for blasting [6].



Then, to correctly answer these damage criteria, the next step was to determine the means of predicting ground vibration levels for a given blast operation. The U. S. Bureau of Mines published the first results of statistical studies [7] based on ground vibration monitoring data from quarries and construction sites, which resulted in a well-known ground vibration prediction model that relates particle velocity as a function of the distance and explosive charge weight per delay. Since then, many studies have presented different relations between these three parameters. The studies of Kumar et al. [8] and Görgülü et al. [9] made a summary of the several mathematical models presented over the decades by different authors that related ground vibration amplitudes to the so-called scaled distance. In fact, these kinds of formulas are actually derived from regression statistics and have good guiding significance for vibration control in the far field of blasting.



However, the tests and studies on the near-field vibration of tunnel blasting indicate that they are not suitable for the calculation and control of the near-field vibration of blasting and cannot guide the drilling and blasting construction of an adjacent tunnel [10,11]. Because the rock response near explosives is a highly nonlinear problem [12], and these formulas are mostly expressed as linear relations, the effects of millisecond blasting delay time, charge length, and explosive detonation velocity on blasting vibration velocity are not considered [13]. Therefore, it is obviously inappropriate to use these formulas to solve all the prediction problems of blasting vibration velocity.



In China’s blasting engineering, when evaluating the vibration impact of blasting on different types of ground buildings, equipment in the central control room of power stations, tunnels and roadways, high rock slopes, and newly poured mass concrete, the Sadovsky formula is usually used to calculate the peak particle vibration velocity of the foundation where the protection object is located. In addition, with the support of a large number of test data, the reference values of  K  and  α  under different lithology conditions in the blasting area are put forward [6]. The prediction effect of this formula in the near field of blasting is also unsatisfactory, but due to its simple calculation, it is still widely used as a trend analysis rather than for accurate prediction in many engineering practices.



Following the above-mentioned work, this paper first discusses the shortcomings of the Sadovsky formula at the mathematical level, then considers the influence of various factors on blasting vibration with their mutual influence and deduces a prediction model of peak particle velocity through dimensional analysis. Then, this model and the Sadovsky formula [14] are utilized to predict the vibration velocity as a comparative analysis based on the vibration data of near-field blasting collected from a small-spacing tunnel at Badaling station of Beijing Zhangjiakou high-speed railway. On this basis, variance analysis and Akaike information criterion are used to evaluate the advantages of the new model compared with the traditional model in terms of prediction accuracy and application scope, as well as its uniqueness in dealing with the impact of changes in geological conditions, cavity effects, and the number of free surfaces.




2. Dimensional Analysis


A comprehensive analysis of the factors affecting the blasting vibration velocity is carried out, and the most important influencing factors are determined [15]; then, the relationship model between the blasting vibration velocity and the main influencing factors is obtained using the principle of dimensional analysis.



2.1. Propagation Mechanism and Influencing Factors of Ground Vibration


Explosive detonation will have an intense impact on the geotechnical medium around the blast hole, which is essentially a dynamic process of the propagation and disturbance of the impact stress wave in the geotechnical medium. This phenomenon can be described as a very rapid release of energy in a very short time and the produced high stresses are attenuated with increasing distance and time. According to the energy attenuation rate and consumption, the amplitude, properties, waveform, and action time of the stress wave are constantly changing in this process, and the rock crushing, cracking, vibration, and other damages to varying degrees are caused from the center of the explosive to the outside.



The magnitude of these damages, especially the amplitude of ground vibration, will show different changes with time, geological conditions, initiation mode, distance from the detonation center, and charging structure. The factors affecting vibration propagation can be roughly divided into three categories. These parameters and their dimensions in each category are as follows [16]:



In terms of explosives: maximum charge per delay   Q    [ M ]   , explosive density    ρ e       [  M ·  L  − 3    ]   , charge density   ρ    [  M ·  L  − 3    ]   , expansion coefficient of detonation    γ e   , energy released by unit explosive    E e     [  M ·  L 2  ·  T  − 2    ]   , initiation time per delay  T     [ T ]   , detonation velocity    C e     [  L ·  T  − 1    ]   , detonation time   t    [ T ]   , propagation velocity of shock wave in rock   C    [  L ·  T  − 1    ]   , initial pressure of detonation gas    P 0     [  M ·  L  − 1   ·  T  − 2    ]   , shock wave pressure   P    [  M ·  L  − 2   ·  T  − 2    ]   , etc.



Rock: system stiffness (force required to compress rock unit displacement) k    [  M ·  T  − 2    ]   , initial density    ρ r     [  M ·  L  − 3    ]   , elastic modulus   E    [  M ·  L  − 1   ·  T  − 2    ]   , Poisson’s ratio  μ , yield limit   Y    [  M ·  L  − 1   ·  T  − 2    ]   , minimum resistance line  W     [ L ]   , longitudinal wave velocity    c r       [  L ·  T  − 1    ]   , rock wave impedance    R r     [  M ·  L  − 2   ·  T  − 1    ]   , etc.



Charge structure (geometric parameters): distance from the detonation center  R     [ L ]   , radius of blast hole  b     [ L ]   , radius of charge loaded into the blast hole  a     [ L ]   , decoupling coefficient   b / a  , elevation difference  H     [ L ]   , explosive spacing  d     [ L ]   , density coefficient of blast hole  m , etc.




2.2. Derivation of Sadovsky Formula Based on Dimensional Analysis Principle


The Sadovsky formula is derived from the principle of dimensional analysis under the condition of concentrated charge blasting. In the process of deriving the Sadovsky formula, the main factors affecting the blasting vibration velocity are considered as follows: maximum charge per delay  Q , distance from the detonation center  R , rock density  ρ , and rock longitudinal wave velocity    c r   .



The function expression of the ground-borne vibration is:


  F  (  V , Q , R , ρ ,  c r   )  = 0 .  



(1)







Since the rank of the matrix obtained from all quantities according to the basic dimensions is 3, the  Q ,  R , and    c r    can be taken as the basic dimensions, and the dimensions are    [ M ]   ,    [ L ]   , and    [  L ·  T  − 1    ]   , respectively. Then, the number of zero-dimensional quantities is   5 − 3 = 2  , which can be represented as:


    π 1  = V /  (   Q   ∂ 1     R   ∂ 2     c r      ∂ 3     )  ,   …    π 2  = ρ /  (   Q   β 1     R   β 2     c r      β 3     ) .    



(2)







According to the principle of dimensional consistency, the solutions are    ∂ 1  = 0  ,    ∂ 2  = 0  ,    ∂ 3  = 1  ;    β 1  = 1  ,    β 2  = − 3  ,    β 3  = 0  , i.e.,    π 1  = V /  c r   ,    π 2  = ρ /  (  Q  R  − 3    )   .



Then, in terms of the π theorem   f  (   π 1  ,  π 2   )  = 0  , thus    π 1  =  f 1   (   π 2   )   , as required. Furthermore, the    π 1    can be replaced by    π 1  = V /  c r  =  f 1   (  ρ /  (  Q  R  − 3    )   )  = k    (   Q 3  / R  )   α   ρ  ∂ ′    .



The rock density  ρ  and rock longitudinal wave velocity    c r    are constants in a certain blasting engineering, so the commonly used form of the Sadovsky formula can be obtained,


  V = K   (  Q 3  / R )  ∂   



(3)




where   K = k  ρ  ∂ ′   ,  c r    is characteristic constant of the blasting site, and  ∂  is the attenuation coefficient.




2.3. Limitations of Classical Blasting Vibration Sadovsky Formula


In the classic Sadovsky formula   V = K   (  Q 3  / R )  ∂   , only the  Q  and  R  among the above factors are considered in the study of blasting vibration velocity. The influence of other factors (including  ρ  and    c r   ) on the variation in the blasting vibration velocity is all reflected in the coefficients  K  and  ∂ , and these two coefficients are mainly obtained by regression fitting according to the field monitoring data. Therefore, when using this formula to predict blasting vibration, the construction must be carried out first to obtain clear monitoring data, rather than the prediction of blasting vibration before construction. This will inevitably lead to the weak timeliness of vibration prediction and cannot give timely and accurate guidance to construction.



Meanwhile, since  K  and  ∂  comprehensively reflect the impact of many factors on blasting vibration, including the geological conditions of the blasting site, blasting attenuation conditions, and blasting mode, the specific performance of these factors cannot be defined. They will change under the influence of different blasting designs and geological conditions, so the values of  K  and  ∂  will also change accordingly and unpredictably. This is the reason why the Sadovsky formula is not universal in general [17].



On the other hand, even if the specific values of each influencing factor are determined, the specific  K  and  ∂  values cannot be determined through theoretical analysis but can only be obtained by fitting the vibration monitoring data of the project. Therefore, the Sadovsky formula based on the regression fitting of the field monitoring data can only be effectively applied to the project in which the monitoring data is obtained but has little guiding significance for other projects. This is reflected in many engineering practices [18,19,20,21], and the reason is closely related to the factors considered in the formula and its derivation method.




2.4. Method


In order to more accurately and effectively predict the blasting vibration velocity and guide the actual engineering construction, it is necessary to comprehensively consider the factors affecting the blasting vibration, separate these factors from  K  and  ∂ , and specify the specific form of each factor in the formula, so as to determine the specific contribution value of these factors to the blasting vibration velocity. In theory, the most accurate prediction formula takes all the influencing factors into account, and the blasting vibration velocity can be obtained only by bringing the independent variables into the calculation.



The main factors affecting blasting vibration shall be comprehensively considered: maximum charge per delay  Q , delayed initiation time of each stage  T , initial density    ρ r   , longitudinal wave velocity    c r   , decoupling coefficient   b / a  , distance from the detonation center  R , length of blast hole l, radius of blast hole b, number of free surfaces n (value of 1 or 2: number of free surfaces corresponding to cut hole blasting is 1; number of free surfaces corresponding to other hole blasting is 2), free surface area  A , etc.



The symbols, units, and dimensions of influencing factors are shown in Table 1.



The variables Q, R, T, V,    ρ r   , C, l, b, b/a, A, and n can be written into a matrix in the form of mass (M), length (L), and time (T):


  A =  [     1   0   0   0   1   0   0   0   0   0   0     0   1   0   1    − 3    1   1   1   0   2   0     0   0   1    − 1    0    − 1    0   0   0   0   0     ]     M     L     T     



(4)







By solving the homogeneous equations   A y = 0  , eight independent zero-dimensional quantities can be obtained:


   {       π 1  =      R  − 1   T V        π 2  =      Q  − 1    R 3   ρ r         π 3  =      R  − 1   T C        π 4  =      R  − 1   b        π 5  =      R  − 1   l        π 6  =    n       π 7  =      R  − 2   A        π 8  =      b a         



(5)







According to the Buckingham π theorem, the function can be obtained as:


  f  (   π 1  ,  π 2  ,  π 3  ,  π 4  ,  π 5  ,  π 6  ,  π 7  ,  π 8   )  = 0  



(6)







The relationship equation is:


  ln  v  R  T  − 1     =  ∂ 0  +  ∂ 1  ln    ρ r    Q  R  − 3     +  ∂ 2  ln  C  R  T  − 1     +  ∂ 3  ln  b R  +  ∂ 4  ln  l R  +  ∂ 5  ln n +  ∂ 6   A   R 2    +  ∂ 7  ln  b a   



(7)






   V  R  T  − 1     = K   (    ρ r    Q  R  − 3     )    γ 1      (  C  R  T  − 1     )    γ 2      (  b R  )    γ 3      (  l R  )    γ 4      ( n )    γ 5      (  A   R 2    )    γ 6     



(8)






  V = K   (    ρ r    Q  R  − 3     )    γ 1      (  C  R  T  − 1     )    γ 2      (  b R  )    γ 3      (  l R  )    γ 4      ( n )    γ 5      (  A   R 2    )    γ 6      (  b a  )    γ 7     



(9)







According to the actual engineering experience, the complexity of practical problems, statistical influencing factors, the difficulty of monitoring data, the cost of obtaining data, the feasibility of the final scheme, and the collinearity caused by too many influencing factors are comprehensively considered to simplify the problem. Some secondary factors and effect repeatability factors are deleted, and only the following main factors that have a direct impact on the vibration in the near field of blasting are considered: maximum charge per delay  Q , initiation time per delay  T , initial density    ρ r   , distance from the detonation center  R , and the number of free surfaces n.



Then, the above solution changes into the following process:


  A =  [     1   0   0   0   1   0     0   1   0   1    − 3    0     0   0   1    − 1    0   0     ]     M     L     T     



(10)







Three independent zero-dimensional quantities are obtained:


   {       π 1  =      R  − 1   T V        π 2  =      Q  − 1    R 3   ρ r         π 3  =    n       



(11)







According to the Buckingham π theorem, the function can be obtained as:


  f  (   π 1  ,  π 2  ,  π 3   )  = 0  



(12)







The new relationship equation is:


  ln  V  R  T  − 1     =  ∂ 0  +  ∂ 1  ln (    ρ r    Q  R  − 3     ) +  ∂ 2  ln ( n )  



(13)






   V  R  T  − 1     = K   (    ρ r    Q  R  − 3     )    ∂ 1      ( n )    ∂ 2     



(14)






  V = K  T  − 1     (    ρ r    Q  R  − 3     )    γ 1      ( n )    γ 2     



(15)







A reasonable explanation of the blasting vibration prediction Formula (15): The blasting vibration velocity is inversely proportional to the blasting delay time. The longer the blasting delay time, the smaller the superposition energy at a certain point, and the smaller the rock vibration caused. This is consistent with the facts. Since the blasting vibration velocity is directly proportional to the maximum charge per detonating period, it can be concluded that    γ 1    is negative, so that the blasting vibration velocity is inversely proportional to the third power of the distance, which is also in line with reality.



When other conditions remain unchanged and only the rock density is different, if the maximum charge per detonating period is the same, the force acting on the rock is the same, so the displacement caused by the force acting on the rock with low density will be relatively large. Under the condition of the same action time, since the velocity is the ratio of displacement to time, the vibration velocity caused by blasting will be relatively high in the rock with low density. Therefore, the blasting vibration velocity is inversely proportional to the density of the rock.



Three factors not considered in the Sadovsky formula are added to Formula (15), which will further improve the accuracy of blasting vibration prediction.





3. Case Study


In order to ensure the stable operation of the sensor and obtain more accurate vibration data near the blasting source, the blasting monitoring area was selected in the section with three parallel tunnels. The tunnels on both sides were constructed first, and the progress of the middle tunnel was slightly slow, with a difference of 50~80 m. Considering the site geology and construction conditions, the velocity sensors were assembled at the bottom of five parallel measuring holes in the rock wall with a thickness of 6 m between the right-line and the middle-line tunnel. One end of the sensing line was connected to the sensor connector, and the other end extended out of the hole through the hollow steel pipe. The depths of these holes were 5 m, 4 m, 3 m, 2 m, and 1 m and filled with a mixture of cement and coal ash. The interval between the holes was 1 m. The TC-4850 blasting vibration meter and TCB-B3 large-range triaxial vibration velocity sensor were used in this test. The layout of sensors and measuring points is shown in Figure 1.



The rock conditions of each construction cycle are different, so the parameters such as the total charge used in the actual blasting or the total charge of the blast holes in each detonating period are different. Hundreds of groups of data were measured under the conditions of different charge quantities and different distances from the explosion center. Due to space limitations, some vibration monitoring data are listed in Table 2.



Figure 2 is a box chart showing the logarithm of vibration velocity in three directions. It can be found that the overall distribution of data is reasonable except for individual maxima.




4. Vibration near Blasting Area


4.1. Vibration Model Based on Sadovsky Formula


Through the comprehensive analysis of the monitoring data, the proportional distance and vibration velocity are taken as independent variables and dependent variables, respectively. The obtained cut hole data are regressed and fitted by using the Sadovsky formula with the Origin mathematical software. The variation in ground vibration in the near field of small-spacing tunnel blasting is shown in Figure 3, Figure 4, Figure 5 and Figure 6.


   V X  = 269.97    (   Q 3  / R  )    2.146    (   R 2  = 0.77  )   



(16)






   V Y  = 158.5    (   Q 3  / R  )    1.853    (   R 2  = 0.60  )   



(17)






   V Z  = 237.89    (   Q 3  / R  )    2.221    (   R 2  = 0.65  )   



(18)






   V X  = 18.759    (   Q 3  / R  )    1.175    (   R 2  = 0.69  )   



(19)






   V Y  = 5.1194    (   Q 3  / R  )    0.512    (   R 2  = 0.41  )   



(20)






   V Z  = 19.622    (   Q 3  / R  )    1.38    (   R 2  = 0.64  )   



(21)






   V X  = 229.36    (   Q 3  / R  )    2.285    (   R 2  = 0.48  )   



(22)






   V Y  = 77.685    (   Q 3  / R  )    1.871      (   R 2  = 0.51  )   



(23)






   V Z  = 292.35    (   Q 3  / R  )    2.427      (   R 2  = 0.53  )   



(24)






   V X  = 9.442    (   Q 3  / R  )    0.781    (   R 2  = 0.47  )   



(25)






   V Y  = 9.4618    (   Q 3  / R  )    0.711    (   R 2  = 0.44  )   



(26)






   V Z  = 11.129    (   Q 3  / R  )    0.995    (   R 2  = 0.66  )   



(27)







It is found that when the Sadovsky formula is used, the data of the cutting holes and other holes are obviously different, and the data when the measuring points are in front of and behind the face are obviously different [22]. By comparing the parameters in the above 12 expressions, it can be seen that the values of  K  and  ∂  when the measuring points are in front of the tunnel face are significantly higher than those when the measuring points are behind the tunnel face. This shows that the vibration velocity of the measuring points in front of the tunnel face will attenuate relatively quickly due to the influence of the cavity effect, and the stratum will be greatly affected. The same difference also exists in the data of the cut hole and other holes. Therefore, it is necessary to distinguish the data when using the Sadovsky formula.




4.2. Vibration Model Based on New Approach


Through the prediction formula of blasting vibration (15) obtained from dimensional analysis, the functional relationship between the blasting vibration velocity and delayed initiation time of each detonating period  T , the variable with three parameters    (   ρ r  / Q  R  − 3    )   , and the number of free surfaces of the blast holes  n  can be obtained, where  K ,    γ 1   , and    γ 2    are unknown parameters. The monitoring data in Table 2 were used and combined with the specific conditions of each group of monitoring data; all vibration data are brought in with the help of the Origin software, and the blasting vibration prediction formula was obtained.



Since the number of fitting variables has changed from one to three, the fitting dimension has changed from two-dimensional to four-dimensional. Therefore, this problem has been considered more comprehensively by considering the impact of factors on blasting vibration, which will obviously improve the prediction accuracy of the obtained formula. Table 3 lists the parameters obtained by the software regression.



The propagation model of blasting vibration velocity    V X   ,    V Y   , and    V Z    in three directions of X, Y, and Z can be expressed as:


    V X  = 161.9  T  − 1     (    ρ r    Q  R  − 3     )   − 1.02     ( n )   16.5      (   R 2  = 0.79  )    



(28)






    V Y  = 173.85  T  − 1     (    ρ r    Q  R  − 3     )   − 1     ( n )   15.90      (   R 2  = 0.75  )    



(29)






   V Z  = 119.93  T  − 1     (    ρ r    Q  R  − 3     )   − 1.085     ( n )   17.84    (   R 2  = 0.83  )   



(30)







When other factors remain unchanged, the change in vibration data in front of and behind the tunnel face is mainly affected by the density. The problem of density change was considered in Formula (15), so the laws in front of and behind the tunnel face do not need to be distinguished, and they will be displayed together in the calculation results of the formula. At the same time, the number of free surfaces of the blast holes was also introduced into the formula, and it is one of the main conditions to distinguish between cut hole blasting and other hole blasting. This implies that the prediction results of Formula (15) will not be deviated by the difference in the vibration law caused by the two types of blast holes initiated.



These two variables are important factors affecting the vibration near the blasting area, and their introduction will greatly improve the prediction accuracy of the formula. The R2 values of the new method in the X, Y, and Z directions are 0.79, 0.75, and 0.83, respectively, which are greatly improved compared with the maximum R2 values of 0.77, 0.60, and 0.66 in the three directions of the Sadovsky formula. At the same time, the calculation complexity is greatly simplified because the new method only requires three formulas instead of twelve.



In addition, the reason the R2 value is relatively low is that many blasting vibration data come from nearby blasting areas. When the measuring point is very close to the blasting source, the data will fluctuate greatly. In order to intuitively reflect the real situation of the nearby blasting area, the data were not processed in the above fitting process. If the data are denoised and fitted using 95% confidence interval data, the R2 value of Equations (28)–(30) can be increased to 0.86, 0.84, and 0.91.




4.3. Analysis of Prediction Results of New Approach


The following conclusions can be drawn from the monitoring data of blasting vibration and the vibration law obtained by fitting:



(1) The blasting vibration law predicted by the new approach has the characteristics of less classification and strong integrity. The obtained model is simple and clear, with stronger practicability.



(2) The value of    γ 2    in the formula is obviously higher than that of    γ 1   , indeed even one order of magnitude higher than that of    γ 1   . This shows that the influence of the free surface on the vibration velocity in the near field of small-spacing tunnel blasting is much greater than that of the distance to the blasting center and the charge quantity. It also indicates that rock clamping has a great impact on blasting vibration, which is why the peak behind the wave peak of the monitoring waveform is greater than that in front.



(3) The correlation coefficient obtained by the vibration data fitting of the new approach is generally high, which shows that the obtained blasting vibration law is more consistent with the actual situation in the near field of blasting, it can more accurately reflect the real blasting situation, and its prediction result is more convincing.



(4) Compared with the traditional Sadovsky formula, the new approach takes into account more influencing factors, the calculation process is still simple and clear, the amount of calculation to obtain the required result is less, and the correlation of the formula is high. Therefore, the obtained vibration law will be more consistent with reality, more objective, and can accurately predict the vibration speed before blasting and guide blasting construction.




4.4. Comparison of Prediction Results between Sadovsky Formula and New Approach


Under the same conditions, the near-field vibration velocity of blasting was predicted by using the fitted Sadovsky formula and the new approach and compared with the actual monitoring results.



For different directions of the tunnel face and different types of blast holes, when the Sadovsky formula is used to predict blasting vibration, the data should be distinguished to improve the prediction accuracy, as shown in Equations (16)–(27) above. However, in order to use the same data set for comparison, the Sadovsky formula and the new approach were used to predict the vibration law in three different directions of X, Y, and Z, respectively. In addition, the data were not processed. Different densities were brought in when the tunnel face direction was different, and different numbers of free surfaces were brought in when the types of blast holes were different, so as to obtain the vibration law in three directions. The analysis of variance (ANOVA) and Akaike information criterion (AIC) results for the Sadovsky formula and new approach are presented in Table 3.





[image: Table] 





Table 3. The ANOVA and AIC results for six models.






Table 3. The ANOVA and AIC results for six models.





	
Source

	
df

	
Sum of Squares (SS)

	
Mean Squares (MS)

	
F

	
Significance F

	
AIC






	
Model 1: Equation (28)

	
−863.187




	
Regression

	
2

	
78.309

	
29.154

	
263.505

	
0

	




	
Residuals

	
375

	
19.768

	
0.056

	

	

	




	
Corrected total

	
377

	
118.077

	

	

	

	




	
Model 2: Equation (29)

	
−1125.691




	
Regression

	
2

	
105.052

	
42.526

	
464.299

	
0

	




	
Residuals

	
467

	
23.955

	
0.044

	

	

	




	
Corrected total

	
469

	
149.007

	

	

	

	




	
Model 3: Equation (30)

	
−1077.078




	
Regression

	
2

	
96.905

	
38.452

	
388.194

	
0

	




	
Residuals

	
457

	
25.415

	
0.049

	

	

	




	
Corrected total

	
459

	
142.319

	

	

	

	




	
Model 4: Sadovsky formula in X direction

	
−822.323




	
Regression

	
1

	
95.829

	
95.829

	
852.859

	
0

	




	
Residuals

	
376

	
42.248

	
0.112

	

	

	




	
Corrected total

	
377

	
138.077

	

	

	

	




	
Model 5: Sadovsky formula in Y direction

	
−1062.844




	
Regression

	
1

	
120.651

	
120.651

	
1167.679

	
0

	




	
Residuals

	
468

	
48.356

	
0.103

	

	

	




	
Corrected total

	
469

	
169.007

	

	

	

	




	
Model 6: Sadovsky formula in Z direction

	
−1046.165




	
Regression

	
1

	
115.612

	
115.612

	
1133.649

	
0

	




	
Residuals

	
458

	
46.708

	
0.102

	

	

	




	
Corrected total

	
459

	
162.319

	

	

	

	









Comparing models in the same direction, the sum of squares, mean squares, F values, and AIC values of models 1, 2, and 3 are relatively smaller. It is clear that models 1, 2, and 3 are the best-fit linear regression models for the available field data in three directions. In order to intuitively understand the prediction effect of the new approach, the synthetic PVS (  PVS =    V X    2  +  V Y    2  +  V Z    2     ) in three directions was used to compare with the measured results. Figure 7 presents the predicted values versus observed values of PVS.



As shown in the above comparison, when the vibration velocity value is small (<10 cm/s), the predicted results of the Sadovsky formula and the new method show good convergence. When the vibration velocity value gradually increases (>10 cm/s), the deviation of the Sadovsky formula prediction results increases rapidly, reaching a maximum of 6 times, while more than 90% of the prediction deviation of the new method remains within 1.3 times.



Figure 8 shows the variation in the average absolute error of the two prediction methods at different monitoring distances. It can be seen that although the prediction errors of the two methods are similar at a long distance, the prediction effect of the new method is significantly improved compared with that of the Sadovsky formula in the near field of blasting. Moreover, the regression error of the vibration velocity predicted by the new approach is 13.6%, 11.8%, and 16.9% lower than that predicted by the traditional Sadovsky formula in three directions. This proves that the vibration law in the near field of blasting predicted by the new approach is more consistent with reality than that predicted by the Sadovsky formula. This can be explained theoretically as various factors affecting blasting vibration are gradually independent from the monitoring data in the study of blasting vibration. The more factors considered that cannot be reflected by the monitoring data, the smaller the prediction error will be, but at the same time the complexity of the problem will also increase. Therefore, it is important to select the number of factors influencing blasting vibration reasonably and appropriately according to different needs in the application of practical engineering. In this way, the impact of blasting vibration on buildings and structures can be controlled within the safe range at a lower cost and can better guide the actual engineering construction.





5. Discussion


Although the method of dimensional analysis is simple, it requires a very high level of skill in using it. A little negligence will lead to absurd results or no useful conclusions at all. Firstly, it requires the modeler to have a correct and sufficient understanding of the research problem and be able to correctly list the physical quantities and dimensions related to the problem. It is easy to see that the final conclusions are obtained through the dimensional research of these quantities. Secondly, when solving homogeneous linear equations for finding dimensionless quantities, there are infinite ways to choose the basis vector group, and how to choose it is also very important. At this time, we need to rely on experience, and not all groups can get useful results. In addition, modelers should not have unrealistically high requirements for the results when using the dimensional analysis method. The basis of the dimensional analysis method is the dimensional homogeneity of the formula, which alone cannot draw very profound results. Therefore, dimensional analysis combined with other soft computing methods, such as a neural network model [23], will be a better development direction.



On the other hand, geological conditions are also one of the important factors affecting the blasting effect. In this paper, the blasting vibration velocity in the near area of a weakly weathered granite stratum was mainly analyzed, and it is necessary to study other weak strata or special strata. The dimensional analysis method can also be used in the blasting research of other special strata, for example, the dimensional analysis method was used to establish the blasting vibration velocity prediction model of buried pipelines in coastal soft soil areas [24].




6. Conclusions


In this paper, a new method based on the principle of dimensional analysis is proposed to predict the ground-borne vibration caused by blasting. The Sadovsky formula is deduced by dimensional analysis, and the uncertainty of its parameters is pointed out. To solve this problem,  K  and  ∂  are separated by the dimensional analysis method, and a new prediction method is established which comprehensively considers the maximum charge per delay, initiation time per delay, initial rock density, distance from initiation center, number of free surfaces, and other parameters. The case study shows that for the prediction of vibration in the near blasting area, it is necessary to distinguish the vibration data according to the type of blasting holes and the position of the measuring points relative to the working face before using the Sadovsky formula to predict, so as to improve the prediction accuracy. However, its prediction results of the near blasting area are still not ideal. Compared with the best prediction results of the Sadovsky formula, the new method does not need to distinguish data, and its prediction R2 values in the X, Y, and Z directions have increased by 0.02, 0.15, and 0.17, respectively. The new method considers more influencing factors, so the prediction results obtained are less affected by the monitoring data error and have higher applicability to the prediction of the near blasting area. Therefore, within the allowable error range, it can better guide the actual construction. The engineering geological conditions studied in this case are mainly weakly weathered granite strata, and the prediction object is ground-borne vibration. The new method can be fully extended to engineering applications under most other geological conditions, and the prediction objects can also be transformed into buildings or underground pipelines.
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Figure 1. Layout of testing sensors and measuring points: (a) speed sensors; (b) placement of measuring points; (c) distribution of measuring points. 






Figure 1. Layout of testing sensors and measuring points: (a) speed sensors; (b) placement of measuring points; (c) distribution of measuring points.



[image: Applsci 13 00087 g001]







[image: Applsci 13 00087 g002 550] 





Figure 2. Box chart of three-direction vibration velocity. 
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Figure 3. Vibration velocity in three directions of cutting hole blasting in front of the working face: (a) X direction; (b) Y direction; (c) Z direction. 
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Figure 4. Vibration velocity in three directions of cutting hole blasting behind the working face: (a) X direction; (b) Y direction; (c) Z direction. 
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Figure 5. Vibration velocity in three directions of other blast holes in front of the working face: (a) X direction; (b) Y direction; (c) Z direction. 
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Figure 6. Vibration velocity in three directions of other blast holes behind the working face: (a) X direction; (b) Y direction; (c) Z direction. 
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Figure 7. Predicted versus observed values of PVS: (a) new approach; (b) Sadovsky formula. 
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Figure 8. Relationship between mean absolute error and distance. 
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Table 1. Influencing factors of blasting vibration velocity.
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Variable Type

	
Parameter

	
Symbol

	
Unit

	
Dimension






	
dependent variable

	
peak particle velocity

	
V

	
m/s

	
    [  L ·  T  − 1    ]    




	
independent variable

	
maximum charge per delay

	
Q

	
kg

	
    [ M ]    




	
initiation time per delay

	
T

	
s

	
    [ T ]    




	
initial density

	
    ρ r    

	
kg/m3

	
    [  M ·  L  − 3    ]    




	
longitudinal wave velocity

	
    c r    

	
m/s

	
    [  L ·  T  − 1    ]    




	
uncoupling coefficient

	
b/a

	
1

	
    [ 1 ]    




	
distance from the detonation center

	
R

	
m

	
    [ L ]    




	
length of blast hole

	
l

	
m

	
    [ L ]    




	
radius of blast hole

	
b

	
m

	
    [ L ]    




	
number of free surfaces

	
n

	
1

	
    [ 1 ]    




	
area of free surfaces

	
A

	
m2

	
    [   L 2   ]    
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Table 2. Blasting vibration monitoring data.
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	Maximum Charge per Delay Q/kg
	Distance from the Detonation Center

R/m
	Transverse Vibration Velocity

    V X    /cm·s−1
	Longitudinal Vibration Velocity

    V Y    /cm·s−1
	Vertical Vibration Velocity

    V Z    /cm·s−1





	0.6
	39.87
	1.74
	1.73
	1.30



	14.4
	36.84
	1.73
	1.72
	0.82



	33.6
	33.32
	1.53
	0.85
	0.66



	37.0
	30.67
	2.40
	2.98
	1.30



	28.4
	28.04
	1.88
	2.55
	1.10



	35.8
	26.64
	1.95
	2.12
	1.65



	39.0
	24.95
	2.66
	3.36
	3.05



	37.8
	22.94
	2.06
	2.86
	1.81



	20.8
	16.33
	8.15
	8.25
	6.25



	13.8
	13.14
	6.57
	5.23
	6.18



	14.6
	10.84
	11.12
	15.37
	7.74



	25.6
	10.01
	52.48
	20.78
	40.01



	2.4
	3.2
	20.01
	27.08
	16.21



	2.4
	−3.18
	5.63
	6.05
	6.77



	3.2
	−6.22
	2.44
	3.44
	1.85



	18.4
	−10.26
	3.34
	2.83
	3.20



	17.4
	−11.79
	2.01
	3.31
	1.54



	8.4
	−13.03
	1.79
	1.29
	1.39



	22.4
	−13.16
	1.20
	1.93
	2.58



	17.4
	−14.50
	2.90
	3.42
	2.22



	27.2
	−15.50
	3.09
	8.08
	3.88



	22.4
	−16.05
	4.17
	2.88
	2.67







(Taking the advancing direction of the working face as the front, R is positive indicates that the measuring point is in front of the working face, and R is negative indicates that the measuring point is behind the working face.)
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