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ABSTRACT 

In recent decades, the effects of blast loads on existing structures have gained considerable 
attention due to the increase in threat from various activities. Site-specific empirical 
relationships for calculation of blast-induced vibration parameters like Peak Particle Velocity 
(PPV), Peak Particle Acceleration (PPA), and Peak Particle Displacement (PPD) are 
commonly used for the estimation of the impact of blasting vibration on an existing adjacent 
tunnel. However, these relationships are not able to consider the variation in rock parameters 
and uncertainty of in situ conditions such as modern rock mass classifications (i.e., RMR, Q-
system, RQD). In this paper, a published blast data of various researchers in different rock 
sites at Croix-Rousse tunnel in  France have been collected and used to propose a generalized 
regression model for PPV by considering the effects of rock parameters like Rock Mass 
Rating (RMR) system, damping ratio “”, Dynamic Young’s modulus “Ed”.  By using the 
numerical analysis method, the proposed regression model of PPV (Empirical Formula) 
function of a variable and multivariate can be directly used in the prediction of blast-induced 
vibrations in rocks.  

Keywords: PPV, blasting vibration, multivariate equations, RMR, twin tunnels. 

 

1. INTRODUCTION  

An important consideration for tunnel excavation in urban areas using the drilling and blasting 
method is to avoid damage to existing buildings and structures as this method generates 
ground vibrations. Nowadays, many parameters are used to estimate blast-induced vibration 
as particle velocity and particle acceleration, particle displacement... However, particle 
velocity is the most suitable parameter for assessing vibration-associated risks. The particle 
velocity is also used for most standards in the world because it can be measured by Geophone 
sensors. The amplitude of blast-induced vibrations and the PPV are influenced by the type of 
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explosives used and the charge weight per delay and the distance between the blast face and 
the monitoring point, as well as geological and geotechnical conditions of the rock units in 
the excavation area. Different methods have been suggested to evaluate the ground vibrations 
level during blasting such as: the in-situ measurement based on sensors, the empirical 
approach model, the numerical simulation model … The parameter values of rock mass is 
available in tunneling projects. It is very effective to find out the rule between PPV and 
parameter values of rock mass quality such as RMR, Q, RQD. By this relation, it allows quick 
and efficient determination of PPV values according to rock mass parameters. However, up 
to now, there has not been a scientific work to effectively propose the relationship between 
PPV and rock mass parameters. 

In tunneling, the use of concrete is often restricted near the area where blasting takes place, 
due to the risk of vibration damage. An important example is the driving of two parallel 
tunnels that requires coordination between the two excavations so that blasting in one tunnel 
does not, through vibrations, damage temporary support systems in the other tunnel prior to 
installation of robust, permanent support, see Figure 1.  

 

Figure 1 - Construction of two parallel tunnels [2] 

 

Based on the measurement data and numerical model available at the Croix-Rousse tunnel 
project, Lyon, France, the paper was carried out to build the relationship between PPV and 
parameters based on numerical methods. It allows quick determination of the PPV value 
under the same conditions as the Croix-Rousse tunnel. This study was carried out 
determination the relationship between PPV and parameters based on numerical methods. 

The Croix-Rousse tunnel is located in Lyon, France, between the Rhône and the Saone rivers. 
The length of the tunnel is 1757 m with a cross-section area of 84.10m2. A new tunnel was 
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excavated in parallel to the existing one. The distance wall to wall between these two tunnels 
is around 29.27m (Figure 2).  The cover depth of the tunnels varies between 70 and 100m [1].  

In addition, some authors also studied the impact of blasting on existing tunnel structure such 
as following cases: The effect of an internal explosion in a tunnel on a neighboring buried 
tunnel and free surface [1]; the impact of the explosion which is placed on the ground to the 
tunnels; the impact of a bomb explosion at the surface on fortifications [7], [11]. The paper 
was used the measuring results at Croix-Rousse tunnel project, Lyon, France to study to 
establish empirical (regression function) between PPV and parameters according to many 
criteria simultaneous influences (multiple variables). Characteristics of the Croix-Rousse 
tunnel project were introduced in articles [4] ÷ [6]. 

The blasting vibrations induced in the existing tunnel during the excavation of the new Croix-
Rousse tunnel were monitored using sensors of the Geophone type. The sensors (A, P, and T 
as seen in Fig.3) were embedded in the concrete lining along the tunnel axis. Results of the 
PPV values are monitored in three directions, including transverse direction, vertical 
direction, and the longitudinal direction of the tunnel. The maximum value of the three 
orthogonal components (x, y, z) is presented in Table 1 [13].  

 

Figure 2 - Construction of two parallel tunnels in Croix-Rousse tunnel, Lyon, 
France 

 

 

Figure 3 - Location of sensors in the existing tunnel at Croix-Rousse tunnel 
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Impact of blasting at tunnel face on an existing adjacent tunnel at Croix-Rousse tunnel was 
performed using the Finite Element Method with the Abaqus/Explicit 6.11-2 software by 2D 
and 3D model by author. The result of research by numerical models shows the relation 
between PPV (mm/s) on damping ratio “”, dynamic Young’s modulus “Ed”, and time “t” (s) 
such as Table 3 ÷ Table 6 [12]. 

 

Table 1 - Monitoring data of blasting velocity 

Order number of blasting Explosion weight: Qmax (kg) PPVmax (mm/s) 

230 544.0 3.58 

231 574.5 8.99 

232 647.0 12.12 

233 662.0 15.36 

234 1153.0 14.59 

235 870.0 10.08 

236 871.0 7.21 

239 849.0 5.69 

 

2. SOME MEASURING RESULTS AT CROIX-ROUSSE, LYON, FRANCE 

Based on the measuring data at Croix-Rousse tunnel by sensors in the existing tunnel, 
multivariate equations estimated to present a relation between PPV (mm/s) and damping 
ratio “”, time “t” (s) at Table 2. The multivariate equations are estimated to present the 
relation between the PPV (mm/s) on “Ed” and “t” (s) in Table 3.  

 

Table 2 - PPV value (mm/s) depends on damping ratio “” and time “t” (s) 

t(s) PPV (mm/s) and damping “” 

 
Field 
data =3 % , % =4 % , % =5 % , % =6 % , % 

0.0064 9.23 16.54 44.22 13.50 31.67 11.42 19.19 9.89 6.71 

0.033 7.17 15.75 54.44 12.65 43.26 10.61 32.39 9.08 20.99 

0.061 9.52 15.27 37.65 11.99 20.61 9.81 2.980 8.32 14.42 

0.163 10.10 14.66 31.11 11.30 10.62 9.16 10.20 7.71 30.98 

0.264 8.05 17.08 52.82 14.96 46.17 12.58 35.97 10.92 26.21 

0.366 12.16 18.75 35.15 14.70 17.29 12.40 1.980 10.58 14.91 

0.568 9.81 15.78 37.81 14.59 32.75 13.17 25.50 11.34 13.45 

0.771 10.24 17.35 40.97 13.546 24.36 10.298 0.500 8.348 22.74 
Note: % -  The difference between field data and numerical result  
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Table 3 - PPV value depends on “Ed” and “t” (s) 

t(s) Giá trị PPV (mm/s) with Ed (GPa) 

 
Field 
data 

Ed =40 
GPa , %  

Ed =50 
GPa  

Ed =60 
GPa  

Ed =70 
GPa  

0.0064 9.23 5.84 36.72 11.72 21.24 11.42 19.18 9.63 4.15 

0.033 7.17 7.22 0.69 12.386 42.11 10.61 32.42 8.5 15.65 

0.061 9.52 9.7 1.86 12.48 23.72 9.81 2.96 7.43 28.13 

0.163 10.10 13.8 26.81 12.56 19.59 9.16 10.26 6.5 35.64 

0.264 8.05 1.23 84.72 9.7 17.01 12.58 36.01 11.29 28.69 

0.366 12.16 4.16 65.79 13.1 7.18 12.4 1.94 10.3 15.29 

0.568 9.81 -0.047 100.48 8.36 14.78 13.17 25.51 11.85 17.21 

0.771 10.24 14.73 30.48 14.41 28.94 10.29 0.49 7.73 24.51 

Note: % -  The difference between field data and numerical result  

 

Based on field data in Table 4, the depends on PPV on Damping “” and “t” (s) and the 
depends on PPV “Ed” (GPa)  and “t” (s) are given such as on at Table 4 and Table 5.    

 

Table 4 - PPV value depends on Damping “” and “t” (s) 

№ PPV (mm/s) t(s)  (%)  
1 16.54 0.0064 3.0 

2 15.75 0.033 3.0 

3 15.27 0.061 3.0 

4 14.66 0.163 3.0 

5 17.08 0.264 3.0 

6 18.75 0.366 3.0 

7 15.78 0.568 3.0 

8 17.35 0.771 3.0 

9 13.50 0.0064 4.0 

10 12.65 0.033 4.0 

11 11.99 0.061 4.0 

12 11.30 0.163 4.0 

13 14.96 0.264 4.0 

14 14.70 0.366 4.0 

15 14.59 0.568 4.0 

16 13.546 0.771 4.0 

17 11.42 0.0064 5.0 

18 10.61 0.033 5.0 
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Table 4 - PPV value depends on Damping “” and “t” (s) (continue) 

№ PPV (mm/s) t(s)  (%)  
19 9.81 0.061 5.0 

20 9.16 0.163 5.0 

21 12.58 0.264 5.0 

22 12.4 0.366 5.0 

23 13.17 0.568 5.0 

24 10.29 0.771 5.0 

25 9.63 0.0064 6.0 

26 8.50 0.033 6.0 

27 7.43 0.061 6.0 

28 6.50 0.163 6.0 

29 11.29 0.264 6.0 

30 10.30 0.366 6.0 

31 11.85 0.568 6.0 

32 7.73 0.771 6.0 
 

Table 5 - PPV value depends on “Ed” (GPa)  and “t” (s) 

 № PPV (mm/s) t(s) Ed (GPa) 
1 5.84 0.0064 40.0 

2 7.22 0.033 40.0 

3 9.70 0.061 40.0 

4 13.8 0.163 40.0 

5 1.23 0.264 40.0 

6 4.16 0.366 40.0 

7 14.73 0.771 40.0 

8 11.72 0.0064 50.0 

9 12.386 0.033 50.0 

10 12.48 0.061 50.0 

11 12.56 0.163 50.0 

12 9.70 0.264 50.0 

13 13.1 0.366 50.0 

14 8.36 0.568 50.0 

15 14.41 0.771 50.0 

16 11.42 0.0064 60.0 

17 10.61 0.033 60.0 

18 9.81 0.061 60.0 
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Table 5 - PPV value depends on “Ed” (GPa)  and “t” (s) (continue) 

 № PPV (mm/s) t(s) Ed (GPa) 

19 9.16 0.163 60.0 

20 12.58 0.264 60.0 

21 12.4 0.366 60.0 

22 13.17 0.568 60.0 

23 10.29 0.771 60.0 

24 9.63 0.0064 70.0 

25 8.50 0.033 70.0 

26 7.43  0.061 70.0 

27 6.50 0.163 70.0 

28 11.29 0.264 70.0 

29 10.3 0.366 70.0 

30 11.85 0.568 70.0 

31 7.73 0.771 70.0 
 

3. STUDY TO DETERMINE REGRESSION MODEL BY A FUNCTION OF A  
    VARIABLE PPV = F (RMR) 

The study tunnel area with PM200÷PM600 of  Croi-Rousse tunnel and RMR value presents 
Figure 4 and Table 6. Inconsistent measurement results from sensors will be removed before 
finding the relationship between the parameters “K”, “” (in Chapot's formula), and the 
"RMR" value of the rock mass.   Using a formula of Chapot (1980) (1) in the French standards 
are often used to investigate o the relation between the (PPV) and SD, 𝑆 = ( ) : 

𝑃𝑃𝑉 = 𝐾. ( )         (𝐶ℎ𝑎𝑝𝑜𝑡 1980)   (1) 

PPV- Pick Particle Velocity (mm/s); D - is the distance from the blasting source to the point 
of monitoring (m); Qc - is the maximum charge weight per delay (kg); K and  are constants 
that depend on the ground condition as well as the conditions of blasting;   

Analysis of recording vibrations in the Croix-Rousse tunnel by using the recording result at 
sensor A or sensor P (Figure 3). We can find the relation Relation between the maximum 
value of (PPV) and scaled charge explosive SD in sensor P.   The layout of the two tunnels is 
presented in Figure.5. H represents the distance from the section in the existing tunnel to the 
tunnel face of the new tunnel. The numerical results indicate that the biggest particle velocity 
induced in the tunnel lining of the existing tunnel is obtained when the section is closer to the 
blasting location (the case of H = 0 in Figure.5). By analyzing the measurement data obtained 
from the sensor P, paper is obtained a relationship between “Ln(K)” and “” in the Chapot 
formula with “RMR” value is described on Figure 6.  
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Figure 4 - RMR value in the research area 

 

 

Figure 5 - Layout of two tunnels 

 

 

Figure 6 - Relationship between “Ln (K)” and “” in the Chapot formula with “RMR” 
value at sensor P  
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By using the measuring value of sensor P at Croix- Rousse tunnel, the relation between PPV 
and RMR is established for granite rock with the function of a variable obtained formula (2). 
A flowchart in this study of the determined regression model functions using   different types 
of regression is presented in Figure 7. 

 
Table 6 - Location of the research areas in the tunnel  

Research 
Areas 

From KP To KP 
Length of research 

area, m 
Rock type 

1 200 600 400 Granit 

2 640 750 110 Gơnai 

3 750 1430 680 Granit 
 

 

Figure 7 - Flowchart of the determine regression model functions 

Field data input 

Analyze data using different types of 
regression 

Determine whether the model 
meets the assumptions of the 

analysis. 

Determine how well the model fits the 
data. Change data input 

Rusult of regression models 

YES 
 

NO 
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By using the measuring value of sensor P, the relation between PPV and RMR is established 
for granite rock with the function of a variable obtained formula (2):  

 𝑃𝑃𝑉 = (7.10 . 𝑒 , . ). 𝐷/ 𝑄
. . .

.

          
(2) 

Although it is the function of a variable, but it is very useful to give so fast PPV value based 
on the actual value RMR of surrounding rock mass conditions. It also is a good trend to 
continue studies on this problem in the future. 

 

4. STUDY TO DETERMINE REGRESSION MODEL BY FUNCTION OF TWO 
     VARIABLES PPV=F(t, ) 

After using the output data of Table 3, PPV value depends on “t” (s) and "" obtained program 
found multi-variable experimental functions in Pascal programming language. The result has 
given 9 regression models (Empirical Formula) of two variables PPV=F(t, ) such as: 

 Regression model (Empirical Formula) first:   

𝑃𝑃𝑉 = 22.79 + 1.86 − 2.39 × 𝜉;                                 R= 0,89; (2) 

 Regression model (Empirical Formula) second:   

𝑃𝑃𝑉 = 44.22 × (𝑇)( . ) × (𝜉)( . );                        R=0.86;  (3) 

 Regression model (Empirical Formula) third:    

𝑃𝑃𝑉 = 28.34 + 0.25 × 𝐿𝑛(𝑇) − 10.39 × 𝐿𝑛(𝜉);        R=0.89;    (4) 

 Regression model (Empirical Formula) fourth:   

𝑃𝑃𝑉 = 𝑒( . . × . × );        R=0.87; (5) 

 Regression model (Empirical Formula) fifth:   

𝑃𝑃𝑉 = 2.42 − 0.00037 × (1/𝑇) + 42.58 × (1/𝜉);    R=0.87;                    (6) 

 Regression model (Empirical Formula)  sixth:   

𝑃𝑃𝑉 = 30.83 × (𝑇)( . ) × 𝑒( . × );                        R=0.86;        (7) 

 Regression model (Empirical Formula) seventh:   

𝑃𝑃𝑉 = 40.79 × (𝑒)[( . )× ] × (𝜉)( . );                     R=0.86;        (8) 

 Regression model (Empirical Formula)  eighth:   

𝑃𝑃𝑉 = 40.79 × (𝑒)[( . )× ] × (𝜉)( . );                     R=0.86;      (9) 

 Regression model (Empirical Formula) ninth:   

𝑃𝑃𝑉 = (30.82) × (𝑇)( . ) × 𝑒[( . )× ];                   R=0.86        (10)  

Where: F - type of regression model (empirical formula); PPV - Peak Particle Velocity; T -
time; - damping value; R - multiples correlation coefficient.  
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After comparing the multiples' correlation coefficient of regression model (empirical 
formula) (2)¸(10), the biggest of multiples correlation coefficient obtained with regression 
model second, R= 0,89. This regression model can be the original model to determine “The 
largest amount of explosives for one explosion” on the actual condition.   

 

5. STUDY TO DETERMINE REGRESSION MODEL FUNCTION OF TWO 
      VARIABLES PPV=F(t, Ed) 

After using output data of Table 4, PPV value depends on “Ed” and “t”(s) obtained program 
found multi-variable experimental functions in Pascal programming language. The result has 
given 9 regression models (Empirical Formula) of two variables PPV=F(t, Ed) such as. 

 Regression model (Empirical Formula) first:   

𝑃𝑃𝑉 = (6.45 + 1.06𝑥𝑇 + 0.055𝑋𝐸;                             R=0,196;       (11) 

 Regression model (Empirical Formula) second:   

𝑃𝑃𝑉 = 1,041 × (𝑇)( , ) × (𝐸)( , );     R=0,24;        (12) 

 Regression model (Empirical Formula) third:     

𝑃𝑃𝑉 = 64,39 + 0,25 × 𝐿𝑛(𝑇) − 12,88 × 𝐿𝑛(𝐸);        R=0,89;       (13) 

 Regression model (Empirical Formula) fourth:   

𝑃𝑃𝑉 = 𝑒( , , × , × );        R=0,238;    (14) 

 Regression model (Empirical Formula) fifth:    

𝑃𝑃𝑉 = −0,124 − 0,00036 × (1/𝑇) + 667,19 × (1/𝐸);  R=0,88;     (15)  

 Regression model (Empirical Formula) sixth:   

𝑃𝑃𝑉 = 6,42 × (𝑇)( , ) × (𝑒)[( , )× ];                    R=0,21;         (16) 

 Regression model (Empirical Formula) seventh:   

𝑃𝑃𝑉 = 1,0113 × (𝑒)[( , )× ] × (𝐸)( , );               R=0,270;      (17) 

 Regression model (Empirical Formula) eighth:   

𝑃𝑃𝑉 = 6,0084 × (𝑒)[( , )× ] × (𝑒)[( , )× ];         R=0,23    (18) 

 Regression model (Empirical Formula) ninth:  

𝑃𝑃𝑉 = (6,427) × (𝑇)( , ) × 𝑒[( , )× ];                R=211;   (19)  

Where: F - the type of regression model (empirical formula); PPV- Peak Particle Velocity; T 
- time (s); Ed- Dynamic Young’s modulus of rock mass; R - multiples correlation coefficient.  

After comparing the multiples' correlation coefficient of regression model (empirical 
formula) (11)÷(19), the biggest of multiples correlation coefficients obtained with regression 
model in equation (13), R = 0,89. This regression model can be the original model to 
determine “The largest amount of explosives for one explosion” on the actual condition.  
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Received results also show that in the practice when building new tunnels near the existing 
tunnel to reduce effects of vibration of blasting can be predicted PPV value based on the 
Dynamic Young’s modulus (Ed) of rock mass and time (t).  Comparing the value of the 
calculated PPV value with the corresponding allowed value of the standards can indicate 
rocks mass and tunnel lining works have stabilized under the effect of blasting load. 

 

6. STUDY TO DETERMINE REGRESSION MODEL WITH FUNCTIONS OF 
     THREE VARIABLES 

According to the above results, after using field data at Croix-Rousse, Lyon, France on Table 
2 ÷ Table 5, the effect of  PPV on three parameters: “” and “t” and “Ed” is present in Table 
5. 

 

Table 5 - PPV  value depends on three parameters “” and “t” and “Ed” 

№ PPV T E  H  

1 11.72 0.0064 50.0 5.0 0 

2 11.3 0.163 70.0 4.0 0 

3 10.61 0.033 60.0 5.0 0 

4 8.32 0.061 50.0 6.0 0 

5 7.73 0.771 70.0 6.0 0 

6 7.43 0.061 70.0 6.0 0 
 

After using the output data of Table 5, a program found multi-variable experimental functions 
in the Pascal programming language. The result has given 9 regression models (Empirical 
Formula) of the following three variables function: 

PPV=F(t, Ed, )  

 Regression model (Empirical Formula) first:   

𝑃𝑃𝑉 = 26.49 + 0.48 × 𝑇 − 0.086𝑥𝐸 − 2.197𝑥;             R=0,97;        (20) 

 Regression model (Empirical Formula) second:   

𝑃𝑃𝑉 = 5,47 × (𝑇)( , ) × (𝐸)( , ) × (𝜉)( , );      R=0.96;     (21) 

 Regression model (Empirical Formula) third:   

𝑃𝑃𝑉 = 38,05 − 0,269 × 𝐿𝑛(𝑇) − 3,076 × 𝐿𝑛(𝐸) − 9,98 × 𝐿𝑛(𝜉);          R=0.97;   (22) 

 Regression model (Empirical Formula) fourth:   

𝑃𝑃𝑉 = 𝑒( , , × , × , × );      R=0.97;    (23) 

 Regression model (Empirical Formula) fifth:   

𝑃𝑃𝑉 = −2,33 + 0,012 × (1/𝑇) + 140,88 × (1/𝐸) + 47,31 × (1/𝜉);       R=0.97;   (24) 
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 Regression model (Empirical Formula) sixth:   

𝑃𝑃𝑉 = 4,35 × (𝑇)( , ) × (𝑒)[( , )× ] × (𝑥)( , );  R=0.96;    (25) 

 Regression model (Empirical Formula) seventh:   

𝑃𝑃𝑉 = 4,89 × (𝑇)( , ) × (𝐸)( , ) × (𝑒)[( , )× ];  R=0.97;  (26) 

 Regression model (Empirical Formula) eighth:  

𝑃𝑃𝑉 = 6,57 × (𝑒)[( , )× ] × (𝐸)( , ) × (𝜉)( , );    R=0.96;   (27)  

 Regression model (Empirical Formula) ninth:   

𝑃𝑃𝑉 = 4,77 × (𝑒)[( , )× ] × (𝑒)[( , )× ] × (𝜉)( , );  R=0.96;   (28)  

 Regression model (Empirical Formula) tenth:    

𝑃𝑃𝑉 = 5,77 × (𝑒)[( , )× ] × (𝐸)( , ) × (𝑒)[( , )× ];    R=0.97  (29) 

 Regression model (Empirical Formula) eleventh:   

𝑃𝑃𝑉 = (3,75) × (𝑇)( , ) × 𝑒[( , )× ] × 𝑒[( , )× ];  R=0.97  (30) 

Where: F – the type of regression model (empirical formula); PPV- Peak Particle Velocity; 
T-time (s); Ed- Dynamic Young’s modulus of rock mass; damping value in the numerical 
model; R - multiples correlation coefficient.       

After comparing the multiples' correlation coefficient of the regression model (empirical 
equation (20) to equation (30)), the biggest of multiples correlation coefficients obtained with 
regression model in equation (30), R=0,97. This regression model can be an original model 
to determine “The largest amount of explosives for one explosion” on the actual condition. 
The above results show that using the result of numerical models with the field data 
investigations on the effect of the blasting in a new tunnel on the surrounding rock mass and 
on the existing tunnel can be carried out by regression model. The research results show that 
not only predicting the tunnel lining damage zone under the impact of blast loads but also 
determination peak maximum of explosion at the same time at the tunnel face by equation 
(1).  

 

7. CONCLUSION  

By obtained result in this study, several conclusions can be drawn as follows: 

 PPV value is dependent on many different parameters such as physical-mechanics 
properties of the rock around the blasting area (Ed -Dynamic Young’s modulus; -damping 
value, t- time at the investigated point from the time of blasting, H -the distance from an 
investigated point to explosion point and some parameters). 

 The first time, the relation between PPV and RMR is established for granite rock with the 
function of a variable in the Croix-Rousse tunnel by equation (2). Although this equation is 
the function of a variable, it is useful to give so fast PPV value based on the actual value 
RMR of projects the same conditions as the Croix-Rousse tunnel. It is a result to applied in 
equivalent conditions and also a new direction to study in the future. 
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 Paper was also carried out to investigate the PPV value on above some parameters and to 
establish regression models thought the relation between PPV and effect parameters by a 
function of two variables such as equation (2)  to  equation (19). The PPV value also is a 
function of three variables of dependent parameters such as equation (20)  to  equation (30). 
However, PPV is a function of multivariate so reflection on the effect of all the actual 
conditions on PPV value is not fully. So, it is necessary to consider the importance of the 
variables for a project. 

 

Symbols 

PPV - Peak Particle Velocity (mm/s);  

PPA -Peak Particle Acceleration (mm/s2); 

PPD -Peak Particle Displacement (mm); 

RMR- Rock Mass Rating; 

Q-System is a classification system for rock masses with respect to stability of underground 
openings; 

RQD- Rock Quality Designation; 

- Damping ratio; 

% -  The difference between field data and numerical result; 

Ed - Dynamic Young’s modulus (MPa); 

t-  time (s); 

D - is the distance from the blasting source to the point of monitoring (m);  

Qc - is the maximum charge weight per delay;  

K and  are constants that depend on the ground condition as well as the conditions of 
blasting; 

SD - Scaled charge explosive;  

KP- distance from the tunnel portal to point of monitoring (m);  

R- Multiples' correlation coefficient of regression model; 

F- function of variables; 
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