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Abstract. Blasting in the ocean tunnel has a great impact on Marine life and seabed vegetation, 
so it is necessary to control the impact of blasting vibration on the surrounding Marine 
environment. In this paper, taking Xiamen Tunnel as an example, the blasting vibration response 
characteristics of undersea tunnel are studied, and the velocity attenuation rules of tunnel structure 
in different directions are obtained. The grey correlation theory is innovatively applied to analyze 
the correlation degree of factors affecting the blasting vibration effect of the undersea tunnel, and 
the key factors and secondary factors affecting the blasting vibration effect of the tunnel are 
determined. The grey correlation theory is used to analyze the correlation degree between the 
blasting vibration effect of the cross-tunnel, which is conducive to improving the safety and 
stability of tunnel construction. It provides a new idea and method for vibration control of similar 
projects.  
Keywords: cross-sea tunnel, blasting, vibration effects, grey correlation. 

1. Introduction 

At present, cross-harbour tunnels have also seen rapid development. This is due to the many 
advantages of cross-harbor tunnels, including the fact that they do not impede the navigation of 
ships on the water and are not disturbed by extreme weather conditions. In the excavation of hard 
rock tunnel, the main method is generally blasting. Because in the process of tunnel excavation, 
blasting will produce seismic waves, which can cause irreversible damage to Marine animals and 
plants. The current engineering construction mainly needs to avoid the impact on the surrounding 
ecological environment. Therefore, it is necessary to study the impact of tunnel blasting on the 
surrounding environment and organisms, to ensure safe and efficient tunnel construction, and also 
to understand the vibration effects generated by tunnel blasting. 

Recently, there have been more and more underwater engineering blasting projects, and the 
ecological environment of the ocean is receiving increasing attention. For example, Su Xin [1] 
conducted on-site monitoring of shock waves generated by underwater blasting in Xiamen waters 
and obtained the relationship between the intensity of underwater blasting shock waves and 
distance by statistical analysis; Tao Ming [2] studied the attenuation law of water shock waves of 
underwater borehole blasting by combining theoretical analysis and on-site actual measurement 
data; Si Jianfeng [3] studied the characteristics and attenuation law of water shock waves of 
underwater engineering blasting under different conditions and gave the Wang [4] carried out a 
study on the damage control criteria for fish by blasting water shock waves with the help of 
experimental data. Underwater drilling blasting will produce seismic waves, underwater tunnel 
blasting will also produce seismic waves, but there are huge differences between the two. 
Regarding the impact of blasting vibration generated by underwater tunnel blasting, a lot of work 
has been carried out at home and abroad, but mostly focused on the structural dynamic response 
of the adjacent tunnel under the influence of blasting vibration, and few studies have focused on 
the damage of blasting vibration to marine organisms. For example, Li Bing [5] studied the 
analysis and control of engineering safety risks during the construction period of drilling and 
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blasting cross-harbour tunnels; Zhong [6] investigated the effects of blasting on existing tunnels 
using a combination of wave function expansion and numerical simulations. Xu W. [7] studied 
the seismic effects of a sub-sea tunnel in a ruptured fracture zone under two-way seismic action. 
Chen Guoxing [8] studied the non-linear response of sub-sea shield tunnels under strong 
earthquakes using theoretical and numerical simulations and proposed corresponding measures to 
protect existing tunnel [9-11]. 

Both underwater tunnel blasting and conventional tunnel blasting produce vibration, but the 
vibration they produce is different in the following points [12-15]. (1) Propagation medium: the 
vibration of underwater tunnel blasting is propagated through water, while the vibration of 
conventional tunnel blasting is propagated through soil or rock. (2) Propagation characteristics: 
the water body has high damping, so that the propagation of underwater blasting vibration in the 
water will be attenuated. While the damping of soil or rock is lower, the propagation of 
conventional tunnel blasting vibration in soil or rock may be more lasting [16-19]. (3) Influencing 
factors: underwater tunnel blasting vibration is affected by water depth, water pressure, water 
quality and other factors, while conventional tunnel blasting vibration is affected by soil or rock 
physical properties, geological structure and other factors. (4) Safety assessment: The impact of 
vibration caused by underwater tunnel blasting on the surrounding environment requires a more 
rigorous safety assessment to ensure that there is no adverse impact on the ecology of the 
surrounding waters and ship traffic. The vibration generated by conventional tunnel blasting can 
be evaluated for safety according to specific needs. In short, although underwater tunnel blasting 
and conventional tunnel blasting both produce vibration, the vibration produced by them is 
different in the aspects of propagation medium, propagation characteristics, influencing factors, 
monitoring methods and safety assessment [20-21]. In practical application, appropriate 
monitoring methods and safety assessment means should be selected according to specific 
conditions to ensure the safety and reliability of tunnel construction. 

The existing research on underwater blasting prediction mainly has the following 
shortcomings: 

(1) The accuracy and reliability of the prediction model need to be improved. Although some 
prediction models of underwater blasting have been established, the prediction accuracy and 
reliability of these models are still insufficient, especially in the complex underwater environment. 
Lack of in-depth knowledge of the underwater blasting process. Underwater blasting involves 
complex physical and chemical processes, including the detonation of explosives, the formation 
and movement of bubbles, and the pressure and shock waves generated by blasting. A deep 
understanding of these processes is the basis for building accurate predictive models, but research 
in this area is limited. 

(2) The environmental factors of underwater blasting are not considered. The environmental 
factors of underwater blasting such as water depth, water pressure and water quality have influence 
on the blasting effect and the accuracy of prediction model. However, the existing forecasting 
models often ignore the influence of these environmental factors, leading to the deviation of the 
forecast results. 

(3) Lack of effective real-time monitoring and feedback control means. The monitoring and 
feedback control of underwater blasting is an important means to improve the accuracy and 
reliability of prediction. However, the existing monitoring means and feedback control technology 
still have many limitations, which cannot meet the needs of real-time monitoring and fast feedback 
control [21]. 

In order to solve these problems, it is necessary to further study the physical and chemical 
processes of underwater blasting, explore more accurate prediction models and methods, and 
develop more advanced real-time monitoring and feedback control technology to improve the 
safety and reliability of underwater blasting. The application of grey correlation theory to the 
analysis of blasting vibration effect of cross-port tunnel can better understand the interaction and 
influence between various factors, and provide scientific basis for optimizing blasting scheme and 
controlling blasting vibration. Through grey correlation analysis, the key factors and secondary 
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factors affecting the blasting vibration effect of cross-port tunnel can be determined, so as to 
provide more targeted guidance for the actual construction. It can evaluate the advantages and 
disadvantages of each scheme and potential risks, so as to choose a more safe, economic and 
feasible scheme. The innovation lies in the application of grey correlation theory to the analysis 
of tunnel blasting vibration effect, which not only enriches the theory and method system of tunnel 
blasting research, but also provides a new idea and reference for vibration control of similar 
projects. At the same time, the grey correlation analysis method has the advantages of easy to use, 
strong operability and so on, and can be widely used in other fields of engineering practice. In 
short, using grey correlation theory to analyze the correlation degree between blasting vibration 
effects of cross-port tunnel is helpful to improve the safety and stability of tunnel construction, 
and provide new ideas and methods for vibration control of similar projects.  

Based on the Xiamen sub-sea tunnel project (Section 2), the propagation law of seismic waves 
generated during tunnel blasting has been studied. (Section 3). Based on this, the impact of 
vibration response on the safety and stability of tunnels was studied. and the propagation and 
attenuation of blasting vibration along the tunnel profile are studied (Section 4). The analysis of 
grey correlation theory was used to determine the degree of correlation between the vibration 
effects of blasting in cross-harbour tunnels. 

2. Introduction to submarine tunnel engineering 

2.1. Geology of subsea tunnels 

The Xiamen Submarine Tunnel is a tunnel that crosses the seabed, with a total length of 
6.05 kilometers, a height of 9.7 meters, and a width of 7.92 meters. The cross-sectional view of 
the tunnel is shown in Fig. 1. 

The main rock of Xiamen subsea tunnel is slightly weathered granite, which is mainly 
constructed using blasting method, from the perspective of the whole line, the grade I and grade II 
rocks account for 46 %, grade III and grade IV rocks account for 13 % and grade V rocks account 
for 41 %. Different construction methods should be used for different sections of the surrounding 
rocks. In order to ensure the construction safety and environmental safety of white dolphins, the 
method of controlled blasting is used to analyze the impact of rock blasting on the surrounding 
environment, and the research results can reduce the adverse impact of white dolphins. 

2.2. Tunnel blasting technical options 

This tunnel is designed to blast Class I surrounding rocks according to bare-face blasting, using 
No. 2 rock emulsion explosives, continuous charging in wedge-shaped hollowing shell holes, 
spaced charging using bamboo pieces in the peripheral eyes, and a plastic detonator tube 
detonation network. The blasting layout of the tunnel is shown in Fig. 2, and the main parameters 
of the blasting are shown in Table 1 [10], so the blasting effect of trenching eyes is particularly 
important to obtain good blasting results. The subsequent research process mainly focuses on the 
effects caused by trench-hole blasting, because the blasting vibration caused by the largest single 
explosive is the largest. 

3. On site testing of blasting vibration 

To gain a comprehensive understanding of the propagation of seismic waves during the blast 
monitoring process, we collected axial and radial data of the tunnel at the Xiamen subsea tunnel, 
while the radial direction of the test is more difficult due to space constraints, for this reason, we 
make full use of the main cavern and service cavern adjacent to this condition, when the main 
cavern palm face blasting construction, vibration testing in the service cavern, the specific 
vibration test test point layout is shown in Fig. 3. 
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Fig. 1. Cross-sectional layout of the tunnel 

 
Fig. 2. Full section excavation shell hole layout 
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Table 1. Table of full-section loading parameters 

Type of hole Depth 
/ m 

Number 
of holes 

Charge 
length / m 

Single hole 
charge / Kg 

Line charge 
density / 
(Kg/m) 

Total 
charge / 

Kg 

Detonator 
section 
number 

Grooved eyelets 2.2 10 2.0 3.0 1.36 30.0 1 
Grooved eyelets 4.0 10 3.6 5.4 1.35 54.0 3 
Grooved eyelets 4.0 10 3.2 4.8 1.20 48.0 4 
Grooved eyelets 4.0 17 2.8 4.2 1.05 71.4 5 
Trenching eye 3.6 5 2.0 3.0 0.83 15.0 6 
Trenching eye 3.6 16 2.0 3.0 0.83 48.0 7 
Trenching eye 3.6 19 2.0 3.0 0.83 57.0 8 
Trenching eye 3.6 12 2.0 3.0 0.83 36.0 9 
Trenching eye 3.6 25 1.8 2.7 0.75 67.5 10 
Inner rim eye 3.6 29 1.6 2.4 0.66 69.6 11 

Peripheral eyes 3.6 55 1.2 1.08 0.30 59.4 12 
Undercutting eyes 3.6 24 2.8 2.52 0.70 60.5 13 

Total  232    616.4  

 
Fig. 3. Layout of the specific vibration test point: 1, 2, 3, 4 – axial vibration measurement points  

in the main tunnel; 5, 6, 7 – radial vibration measurement points in the main tunnel;  
8, 9 – axial vibration measurement points in the service tunnel 

Vibration monitoring data from the main tunnel and service caverns were counted and 
analyzed by regressing blast vibration test data from multiple cycles on site, based on the empirical 
formula for the peak of a mass point velocity (PPV) proposed by Soviet academic Sadovsky. The 
regression equation for the service cavern vibration data is Eq. (1): 
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𝜈 = 190.14ቆඥ𝑄య𝑅 ቇଵ.଻ଵ ,     𝑅ଶ = 0.7439. (1)

The regression equation for the main cave vibration data is Eq. (2): 

𝜈 = 210.81ቆඥ𝑄య𝑅 ቇଵ.ଽ଴ ,     𝑅ଶ = 0.8763. (2)

where: 𝑣 is the seismic safe PPV, cm/s; 𝑄 is maximum single segment explosive quantity, kg. 
As can be seen from the above equation, the PPV gradually increases as the distance to the 

tunnel palm face decreases. 

4. Numerical simulation analysis 

In this paper, a numerical model is established based on the actual field conditions, and 
compared with the actual field monitoring situation, and the numerical model after verification is 
simulated. The relevant analysis process is shown in Fig. 4. 

 
Fig. 4. Process of numerical simulation analysis 

4.1. Blast loading methods 

In recent years, the pressure process of blast holes has been a research focus of scholars 
[22-26], with one being exponential decay load [27] and the other being triangular load [28-29]. 
Based on experience, this article adopts triangular loads, so we need determine the peak explosive 
load, i.e. determine the peak pressure of the explosive gas acting on the borehole wall. According 
to the C-J theory of cohesive explosive blast waves, the average explosive blast pressure for a 
columnar package with a small decoupling factor is the initial average pressure in the hole [30-34]: 
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𝑃0 = 𝜌0𝐷22(𝛾 + 1) ൬𝑑𝑐𝑑𝑏൰2𝛾, (3)

where: 𝑃଴ is the explosive blast pressure; 𝜌଴ is the explosive density; 𝐷 is the explosive blast 
speed; 𝛾 is the isentropic index of explosives. Approximate values are taken 𝛾 = 2-3, this paper 
takes 𝛾 = 3, respectively, 𝑑௖, db the diameter of the charge roll, and the diameter of the hole. 

If it is a group hole detonation, when the load around all detonation holes is: 

𝑃𝑏𝑒 = 𝑘𝑃0 ൬𝑟𝑏𝑟𝑐൰2+ 𝜇1−𝜇 ቆ𝑟𝑐𝑟𝑓ቇ2− 𝜇1−𝜇, (4)

where: 𝑘 = 10; 𝑟௕, 𝑟௖, 𝑟௙ are relevant parameters, this paper takes 𝑟௖ = 𝑟௕, 𝑟௙ = 12𝑟௕; 𝜇 = 0.25 is 
the rock Poisson’s ratio [35-38]. 

By calculating the above formula and referring to existing literature [39-41], the peak value of 
the blasting load is less than 20 MPa, as shown in Fig. 5. 

 
Fig. 5. Curve of equivalent blast impact load loading  

4.2. Numeric calculation model 

4.2.1. Model dimensions 

Numerical simulation software ANSYS/LS-DYNA was used to simulate the blasting vibration 
of underwater tunnels, with a numerical model size of 120 m × 80 m × 99.65 m, the grid in the 
numerical model adopts 8-node SOLID164 solid element, and the numerical calculation model is 
shown in Fig. 6. 

The relevant physical and mechanical parameters of the numerical calculation model were 
obtained in the laboratory based on conventional experimental research, as shown in Table 2. At 
the same time, * MAT was used for the soil in the numerical model_ SOIL_ AND_ FOAM 
material model, rock using MAT_ PLASTIC_ KINEMATIC material model. 

Table 2. Physical and mechanical parameters of material model 

Parameter Unit Type of rock 
Water  Silt Soil  Fully weathered rock  Slightly weathered rock 

Density g / cm3 1 1.4 2.2 2.6 
Modulus of elasticity GPa – 0.02 0.1 0.45 

Shear modulus MPa – 38.5 39.06 187.5 
Poisson’s ratio – – 0.3 0.28 0.2 

Cohesion MPa – 0.02 10 15 
Friction angle ° – 20 22 45 

Compressive strength MPa – – 130 150 
Yield strength MPa – 0.016 0.4 0.8 
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Water usage keyword * MAT in the model_ NULL definition, the state equation is Eq. (5): 

⎩⎪⎨
⎪⎧𝑝 = 𝜌0𝐶2𝜇 ቂ1 + ቀ1 − 𝛾02 ቁ 𝜇 − 𝑎2 𝜇2ቃ൤1 − (𝑆1 − 1)𝜇 − 𝑆2 𝜇2𝜇 + 1 − 𝑆3 𝜇3(𝜇 + 1)൨2 + (𝛾0 + 𝑎𝜇)𝐸,        𝜇 ൐ 0,
𝑝 = 𝜌0𝐶2𝜇 + (𝛾0 + 𝑎𝜇)𝐸,      𝜇 ൏ 0,  (5)

𝜇 = 𝜌𝜌଴ − 1, (6)

where 𝜌 is the density of the water after disturbance, 𝜌଴ is the initial density of water, 𝐸 is the 
specific internal energy, 𝛾଴ is the GRUNEISEN factor, and 𝑆ଵ, and 𝑆ଶ, 𝑆ଷ are slope factor of 
VS-VP [40-41].  

 
a) Numerical calculation model 

 
b) Boundary conditions 

Fig. 6. Numerical model dimensions and boundary conditions 

4.2.2. Reliability verification of numerical models 

According to the actual needs on site, the layout diagram of monitoring points is shown in 
Fig. 3, and the measured data and numerical simulation data are compared and analyzed, as shown 
in Fig. 7. Table 3 shows the comparison diagram of numerical simulation data for each monitoring 
point and the comparison diagram of on-site measured data. From Fig. 7 and Table 3, it cannot be 
seen that the trend of variation between the on-site measured data and the numerical simulation 
curve is similar, and the difference is not significant. Moreover, the maximum difference between 
the on-site measured data and the numerical simulation data is only 9.62 %. This is because in the 
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field measurement process, there are a lot of joint cracks in the soil, resulting in the superposition 
of seismic waves. It can be seen from the maximum error rate that the numerical simulation 
parameters can be used to study the effect of blasting vibration on tunnel structure. 

 
Fig. 7. Numerical simulation of PPV as a function of time at monitoring point 1 

Table 3. Peak velocities from numerical simulations and in situ monitoring 

Monitoring 
sites 

Numerical simulation (cm/s) On-site measurements (cm/s) Percentage 
of 

combined 
PPV error 

X  Y  Z  Combined 
PPV X Y  Z  Combined 

PPV 

1# 2.312 7.354 8.372 8.773 2.1 7.825 8.571 8.372 4.57 
2# 1.132 2.931 3.812 4.128 1.123 2.534 3.742 4.123 0.12 
3# 3.523 7.985 8.985 9.175 3.2 6.975 8.924 9.157 0.20 
4# 1.255 2.672 3.187 4.187 1.264 2.615 3.167 3.921 6.35 
5# 2.412 7.567 9.685 10.657 2.6 7.846 9.323 9.632 9.62 

4.3. Variation of masses at different locations in the excavated section 

In order to analyze the vibration characteristics of tunnel rock particles caused by blasting 
seismic waves at different distances from the tunnel face, the vibration distribution of the 
surrounding rock at 1 m, 5 m, and 30 m of the tunnel profile was selected, as shown in Fig. 8. 

It is not difficult to see from Fig. 8 that the 𝑌 direction of the tunnel (vertical direction of the 
tunnel) is larger than the 𝑋 direction (radius direction of the tunnel) and the 𝑍 direction (axial 
direction of the tunnel), which is because the direction where the free surface of the tunnel face is 
located is the 𝑍 direction, so most of the energy in this direction is dissipated in the form of air 
shock wave, and the 𝑌 direction is the vibration caused by blasting vibration wave. At the same 
time, the vibration superposition caused by the unloading rebound of the tunnel leads to the 
increase of vibration intensity. 

Upon careful observation of Fig. 8(a), it is not difficult to find that the vibration velocity of the 
upper part of the tunnel structure is low, while the vibration velocity of the lower part is high. The 
same situation occurs in Fig. 8(b), which is caused by high ground stress. At the same time, as the 
arch foot is the main point of force, it may also experience high vibration velocity due to stress 
concentration. 

4.4. Variation of the mass point at different locations in the tunnel axial direction 

Statistical analysis shows the distribution of vibration velocity at different distances in front of 
and behind the tunnel face, as shown in Fig. 9. Upon closer observation, it is not difficult to find 
that the PPV of the unexcavated area of the tunnel is greater than that of the excavated area. This 
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is because a portion of the energy generated by blasting in the excavated area of the tunnel face is 
dissipated by air shock waves, while the unexcavated area has better transmissibility due to the 
integrity of the rock mass. 

 
a) 

 
b) 

 
c) 

Fig. 8. Distribution of PPV in tunnel excavation section: a) 𝑋 direction; b) 𝑌 direction; c) 𝑍 direction 

On the other hand, the peak vibration velocity of the tunnel is the largest in the tunnel 
unexcavated area 1-1.5 times away from the working face. This is because in the unexcavated area 
of the tunnel, the attenuation of blasting vibration is small, while the attenuation of energy 
generated by blasting in the excavated area is large, so the peak value of blasting vibration appears 
in the unexcavated area of the tunnel. 

 
Fig. 9. Distribution characteristics of the PPV in the axial direction of the tunnel 
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5. Grey correlation analysis of factors influencing blast vibration 

5.1. Principles of grey correlation analysis methods 

Correlation analysis is essentially an analytical comparison of the geometry of curves, i.e. the 
closer the geometry, the closer the trend of development. The grey correlation analysis method to 
calculate the grey correlation between the data series of the characteristic variables of the system 
and the series of the relevant factor variables, to build up a grey correlation matrix, and to use the 
principle of dominance analysis to derive the order of each influencing factor, and finally to 
determine the main influencing factor. 

When determining the main factors affecting rockburst vibration by grey correlation analysis, 
it is not necessary to consider the change rate of each measured value in the variable series relative 
to the starting point. This also effectively avoids the calculation problems arising in the correlation 
calculation due to the selection of the discriminant coefficient. In this paper, grey absolute 
correlation is used as the basis of grey correlation analysis. 

If n trials are used to determine the main factors, then the data measured in each trial for each 
of the system characteristic variables and the associated factor variables form the corresponding 
sequence of system characteristic variable and associated factor variable data, i.e: 

ቊ𝑋௝ = ൣ𝑋௝(1),𝑋௝(2)⋯𝑋௝(𝑘)⋯𝑋௝(𝑛)൧,𝑌௜ = ሾ𝑌௜(1),𝑌௜(2)⋯𝑌௜(𝑘)⋯𝑌௜(𝑛)ሿ,  (7)

where 𝑌௜(𝑘) and 𝑌௝(𝑘) denote the data measured at the 𝑘th trial for the 𝑖th system characteristic 
variable and the 𝑗th correlated factor variable, respectively. 

As the units of the data series of each variable are not uniform, the data series of each variable 
must be standardized to ensure the accuracy of the calculated correlations. The mean image of the 
series of each variable is first obtained by the action of the homogenization operator D1, whose 
algorithm is as follows: 

⎩⎪⎨
⎪⎧𝑋ᇱ௝(𝑘) = 𝑋௝(𝑘)𝑋ത௝ ,
𝑌ᇱ௜(𝑘) = 𝑌௜(𝑘)𝑌ത௜ ,  (8)

where: 𝑋ത௝ = ଵ௡ ∑ 𝑋௝௡௞ୀଵ (𝑘), 𝑌ത௜ = ଵ௡ ∑ 𝑌௜௡௞ୀଵ (𝑘). 
Again, a zero-image calculation of Eq. (8) for the starting point: 

ቊ𝑋௝଴(𝑘) = 𝑋ᇱ௝(𝑘) − 𝑋ᇱ௝(1),𝑌௜଴(𝑘) = 𝑌ᇱ௜(𝑘) − 𝑌ᇱ௜(1).  (9)

According to the definition of grey correlation, it is obtained: 

𝜀௜௝ = 1 + |𝑌𝑆௜| + ห𝑋𝑆௝ห1 + |𝑌𝑆௜| + ห𝑋𝑆௝ห + ห𝑋𝑆௝ − 𝑌𝑆௜ห, (10)

where 𝜀௜௝ is the absolute grey correlation between the 𝑖th system characteristic variable and the 𝑗th factor of interest, where: |𝑌𝑆௜| = ฬ෍ 𝑌௜଴(𝑘) + 12𝑌௜଴(𝑛)௡ିଵ௞ୀଶ ฬ, (11)
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ห𝑋𝑆௝ห = ฬ෍ 𝑋௝଴(𝑘) + 12𝑋௝଴(𝑛)௡ିଵ௞ୀଶ ฬ, (12)ห𝑋𝑆௝ − 𝑌𝑆௜ห = ฬ෍ ൣ𝑋௝଴(𝑘) − 𝑌௜଴(𝑘)൧ + 12 ൣ𝑋௝଴(𝑛) − 𝑌௜଴(𝑛)൧௡ିଵ௞ୀଶ ฬ. (13)

The absolute grey correlation is calculated according to Eq. (13) to obtain the absolute grey 
correlation matrix: 

𝐴 = ൫𝜀௜௝൯ = ൦𝜀ଵଵ 𝜀ଵଶ ⋯ 𝜀ଵ௠𝜀ଶଵ 𝜀ଶଶ ⋯ 𝜀ଶ௠⋮ ⋮ ⋮ ⋮𝜀௦ଵ 𝜀௦ଶ ⋯ 𝜀௦௠൪. (14)

If 𝐿, 𝑗 ∈ ሼ1,2,⋯ ,𝑚ሽ, 𝜀௜௅ ≥ 𝜀௜௝  (𝑖 = 1,2,⋯ , 𝑠), then factor 𝑋௅ is considered superior to factor 𝑋௝. 
If there is no optimal factor, there must be satisfaction that 𝐿, 𝑗 ∈ ሼ1,2,⋯ ,𝑚ሽ,  ∑ 𝜀௜௅ ≥ ∑ 𝜀௜௝௦௜ୀଵ௦௜ୀଵ , then factor 𝑋௅ is quasi superior to factor 𝑋௝. If for any 𝑗 (𝑗 = 1, 2, 3,..., 𝑚;  𝑗 ≠ 𝐿), 𝑋௅ is superior to 𝑋௝, then 𝑋௅ is said to be a quasi-optimal factor. The optimal and 

quasi-optimal factors are collectively referred to in engineering as the dominant factors. 

5.2. Grey correlation calculation 

Depending on the specific circumstances of the tunnel, the factors affecting the effect of blast 
vibration are: blast centre distance, total charge, maximum charge in a single section, number of 
sections, and the height difference between the measurement point and the blast source (hereafter 
referred to as height difference), defined as the correlation coefficient variable (𝑋௝). The blast 
vibration effect is the result of the combined effect of PPV, blast vibration main frequency and 
blast vibration duration. Therefore, in this paper, the six factors of mass horizontal and vertical 
PPV, main vibration frequency, and vibration duration are used as variables of the system 
characteristics (𝑌௜). The specific calculation process of the grey correlation degree of each factor 
is as follows: 

The mean bishop of each variable series is calculated as shown in Table 4 and Fig. 10. 

 
a) PPV 

 
b) Main vibration frequency 
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c) Duration of action 

Fig. 10. Mean bishop of the series of each variable 

Table 4. Mean bishop of the series of each variable 

Measurement 
point number 

Number 
of tests 

Associated factor variable (𝑋௜) 
Total charge 

(kg)  

Maximum charge 
in a single section 

(kg)  

Number of 
sections  

Distance 
between bursts 

(m)  

Difference in 
elevation (m)  𝑋′ଵ 𝑋′ଶ 𝑋′ଷ 𝑋′ସ 𝑋′ହ 

ZC1 

NO.1 0.93  1.11  1.18  1.57  1.43  
NO.2 1.49  0.82  2.12  1.43  1.61  
NO.3 0.65  1.05  0.47  0.67  0.69  
NO.4 0.92  1.03  0.24  0.34  0.27  

ZC2 

NO.5 0.93  1.11  1.18  1.63  1.43  
NO.6 1.49  0.82  2.12  1.49  1.62  
NO.7 0.65  1.05  0.47  0.57  0.69  
NO.8 0.92  1.03  0.24  0.31  0.27  

ZC3 
NO.9 0.93  1.11  1.18  0.57  0.45  

NO.10 1.49  0.82  2.12  1.23  2.19  
NO.11 0.65  1.05  0.47  1.20  0.36  

ZC4 

NO.12 0.93  1.11  1.18  1.07  1.11  
NO.13 1.49  0.82  2.12  0.61  0.05  
NO.14 0.65  1.05  0.47  1.04  1.17  
NO.15 0.92  1.03  0.24  1.29  1.67  

ZC5 

NO.16 0.93  1.11  1.18  0.78  1.10  
NO.17 1.49  0.82  2.12  0.48  0.13  
NO.18 0.65  1.05  0.47  1.25  1.15  
NO.19 0.92  1.03  0.24  1.49  1.62  

ZC6 

NO.20 0.93  1.11  1.18  0.85  1.12  
NO.21 1.49  0.82  2.12  0.46  0.01  
NO.22 0.65  1.05  0.47  1.22  1.17  
NO.23 0.92  1.03  0.24  1.47  1.70  

ZC7 
NO.24 0.93  1.11  1.18  1.17  1.16  
NO.25 1.49  0.82  2.12  0.57  0.12  
NO.26 0.92  1.03  0.24  1.26  1.71  

The calculation of the zero symbol for the starting point is shown in Table 5 and Fig. 11. 
The grey absolute correlation is calculated as shown in Table 6 and Fig. 12. 
The grey correlations of the relevant factors for each measurement point were averaged to be 

worth Table 7 and Fig. 13. 
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Table 5. Zero-imagination of start points for each variable sequence 

Measurement 
point number 

Number 
of tests 

Associated factor variable (𝑋௜) 
Total 

charge (kg)  
Maximum charge in 
a single section (kg) 

Number of 
sections  

Distance between 
bursts (m)  

Difference in 
elevation (m)  𝑋ଵ଴ 𝑋ଶ଴ 𝑋ଷ଴ 𝑋ସ଴ 𝑋ହ଴ 

ZC1 

NO.1 0.00 0.00 0.00 0.00 0.00  
NO.2 0.56 –0.28 0.94 –0.14 0.19  
NO.3 –0.28 –0.06 –0.71 –0.90 –0.74  
NO.4 –0.01 –0.08 –0.94 –1.23 –1.16  

ZC2 

NO.5 0.00 0.00 0.00 0.00 0.00  
NO.6 0.56 –0.28 0.94 –0.15 0.19  
NO.7 –0.28 –0.06 –0.71 –1.06 –0.74  
NO.8 -0.01 –0.08 –0.94 –1.32 –1.16  

ZC3 
NO.9 0.00 0.00 0.00 0.00 0.00  

NO.10 0.56 –0.28 0.94 0.67 1.74  
NO.11 –0.28 –0.06 –0.71 0.63 –0.09  

ZC4 

NO.12 0.00 0.00 0.00 0.00 0.00  
NO.13 0.56 –0.28 0.94 –0.46 –1.06  
NO.14 –0.28 –0.06 –0.71 –0.03 0.06  
NO.15 -0.01 –0.08 –0.94 0.22 0.56  

ZC5 

NO.16 0.00 0.00 0.00 0.00 0.00  
NO.17 0.56 –0.28 0.94 –0.30 –0.97  
NO.18 –0.28 –0.06 –0.71 0.47 0.05  
NO.19 –0.01 –0.08 –0.94 0.71 0.51  

ZC6 

NO.20 0.00 0.00 0.00 0.00 0.00  
NO.21 0.56 –0.28 0.94 –0.40 –1.10  
NO.22 –0.28 –0.06 –0.71 0.37 0.06  
NO.23 –0.01 –0.08 –0.94 0.61 0.58  

ZC7 
NO.24 0.00 0.00 0.00 0.00 0.00  
NO.25 0.56 –0.28 0.94 –0.60 –1.04  
NO.26 –0.01 –0.08 –0.94 0.09 0.55  

 

 
a) PPV 

 
b) Main vibration frequency 
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c) Duration of action 

Fig. 11. Zero-imagination of start points for each variable sequence 

Table 6. Grey absolute correlation matrix for each measurement point 
Measurement point 

number  
Number 
of tests 

Correlation 
matrix 𝑋ଵ(𝜀௜ଵ) 𝑋ଶ(𝜀௜ଶ) 𝑋ଷ(𝜀௜ଷ) 𝑋ସ(𝜀௜ସ) 𝑋ହ(𝜀௜ହ) 

ZC1 

NO.1 𝑌ଵ൫𝜀ଵ௝൯ 0.6486 0.5838 0.5882 0.5588 0.5669  
NO.2 𝑌ଶ൫𝜀ଶ௝൯ 0.6228 0.5739 0.5773 0.5538 0.5604  
NO.3 𝑌ଷ൫𝜀ଷ௝൯ 0.6875 0.9157 0.8467 0.7467 0.8239  
NO.4 𝑌ସ൫𝜀ସ௝൯ 0.6392 0.7894 0.7414 0.8544 0.9652  
NO.5 𝑌ହ൫𝜀ହ௝൯ 0.6525 0.5857 0.5902 0.5597 0.5681  
NO.6 𝑌଺൫𝜀଺௝൯ 0.7197 0.6168 0.6354 0.5734 0.5863  

ZC2 

NO.7 𝑌ଵ൫𝜀ଵ௝൯ 0.6361 0.5776 0.5813 0.5531 0.5629  
NO.8 𝑌ଶ൫𝜀ଶ௝൯ 0.6274 0.5732 0.5765 0.5510 0.5600  
NO.9 𝑌ଷ൫𝜀ଷ௝൯ 0.7552 0.9074 0.9885 0.6516 0.7194  
NO.10 𝑌ସ൫𝜀ସ௝൯ 0.8014 0.8157 0.8786 0.6175 0.6700  
NO.11 𝑌ହ൫𝜀ହ௝൯ 0.7303 0.6214 0.6307 0.5705 0.5888  
NO.12 𝑌଺൫𝜀଺௝൯ 0.7484 0.6291 0.6396 0.5730 0.5929  

ZC3 

NO.13 𝑌ଵ൫𝜀ଵ௝൯ 0.6494 0.824 0.6356 0.6219 0.5847  
NO.14 𝑌ଶ൫𝜀ଶ௝൯ 0.7302 0.9541 0.6887 0.9646 0.6415  
NO.15 𝑌ଷ൫𝜀ଷ௝൯ 0.7848 0.6298 0.8375 0.6056 0.8670  
NO.16 𝑌ସ൫𝜀ସ௝൯ 0.7903 0.6319 0.8440 0.6070 0.8600  
NO.17 𝑌ହ൫𝜀ହ௝൯ 0.9190 0.7308 0.8536 0.6639 0.6752  
NO.18 𝑌଺൫𝜀଺௝൯ 0.7472 0.8645 0.7117 0.7362 0.6092  

ZC4 

NO.19 𝑌ଵ൫𝜀ଵ௝൯ 0.6511 0.6507 0.6653 0.8026 0.6248  
NO.20 𝑌ଶ൫𝜀ଶ௝൯ 0.6869 0.9140 0.8453 0.9122 0.9340  
NO.21 𝑌ଷ൫𝜀ଷ௝൯ 0.8361 0.6729 0.6924 0.6734 0.6396  
NO.22 𝑌ସ൫𝜀ସ௝൯ 0.7204 0.9885 0.9268 0.9906 0.8511  
NO.23 𝑌ହ൫𝜀ହ௝൯ 0.6669 0.8598 0.80000 0.8583 0.7995  
NO.24 𝑌଺൫𝜀଺௝൯ 0.6230 0.7505 0.7089 0.7494 0.6484  

ZC5 

NO.25 𝑌ଵ൫𝜀ଵ௝൯ 0.7853 0.8422 0.9104 0.7212 0.7587  
NO.26 𝑌ଶ൫𝜀ଶ௝൯ 0.5914 0.6791 0.6494 0.5837 0.7370  
NO.27 𝑌ଷ൫𝜀ଷ௝൯ 0.7105 0.6128 0.6208 0.7798 0.5999  
NO.28 𝑌ସ൫𝜀ସ௝൯ 0.7681 0.6372 0.6491 0.8563 0.6186  
NO.29 𝑌ହ൫𝜀ହ௝൯ 0.5856 0.6665 0.6389 0.5787 0.6203  
NO.30 𝑌଺൫𝜀଺௝൯ 0.6152 0.7323 0.6937 0.6031 0.8074  

ZC6 

NO.31 𝑌ଵ൫𝜀ଵ௝൯ 0.7086 0.9762 0.8971 0.7067 0.8687  
NO.32 𝑌ଶ൫𝜀ଶ௝൯ 0.7969 0.6485 0.6627 0.8010 0.6215  
NO.33 𝑌ଷ൫𝜀ଷ௝൯ 0.7883 0.6452 0.6587 0.7923 0.7194  
NO.34 𝑌ସ൫𝜀ସ௝൯ 0.6921 0.6045 0.6113 0.6948 0.5904  
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NO.35 𝑌ହ൫𝜀ହ௝൯ 0.5627 0.6186 0.5989 0.5625 0.6689  
NO.36 𝑌଺൫𝜀଺௝൯ 0.5757 0.6454 0.6213 0.5754 0.7071  

ZC7 

NO.37 𝑌ଵ൫𝜀ଵ௝൯ 0.7126 0.6011 0.7519 0.6922 0.5853  
NO.38 𝑌ଶ൫𝜀ଶ௝൯ 0.7167 0.9574 0.886 0.6797 0.6554  
NO.39 𝑌ଷ൫𝜀ଷ௝൯ 0.8264 0.6453 0.8867 0.6227 0.6149  
NO.40 𝑌ସ൫𝜀ସ௝൯ 0.8450 0.6520 0.9088 0.6329 0.6190  
NO.41 𝑌ହ൫𝜀ହ௝൯ 0.6381 0.7923 0.6263 0.8775 0.7306  
NO.42 𝑌଺൫𝜀଺௝൯ 0.6069 0.7119 0.5997 0.7737 0.6206  

 
Fig. 12. Grey absolute correlation matrix for each measurement point 

Table 7. Grey absolute correlation matrix after averaging 
Correlation Matrix 𝑋ଵ(𝜀௜ଵ) 𝑋ଶ(𝜀௜ଶ) 𝑋ଷ(𝜀௜ଷ) 𝑋ସ(𝜀௜ସ) 𝑋ହ(𝜀௜ହ) 𝑌തଵ൫𝜀ଵ௝൯ 0.6845 0.7222 0.6913 0.6924 0.6503 𝑌തଶ൫𝜀ଶ௝൯ 0.6818 0.7572 0.6980 0.7209 0.6728 𝑌തଷ൫𝜀ଷ௝൯ 0.7698 0.7184 0.7902 0.6960 0.6977 𝑌തସ൫𝜀ସ௝൯ 0.7509 0.7313 0.7943 0.7505 0.7392 𝑌തହ൫𝜀ହ௝൯ 0.6793 0.6964 0.6769 0.6673 0.6645 𝑌ത଺൫𝜀଺௝൯ 0.6623 0.7072 0.6586 0.6549 0.6531 ෍ 𝜀௜௝଺ଵ  4.2286 4.3328 4.3094 4.1820 4.0776 

(1) It can be seen from the grey correlation calculation results that the maximum charge used 
in a single section is the largest, and the elevation angle difference is the smallest, in terms of the 
influence of each factor on PPV in the horizontal direction. In terms of the influence of various 
factors on the main frequency of vibration, the ratio of the number of segments is the largest, and 
the maximum amount of a single segment is the smallest. 

(2) Through grey correlation analysis, the key factors and secondary factors affecting the 
blasting vibration effect of cross-port tunnel can be determined, and the pros and cons and 
potential risks of each scheme can be evaluated, so as to choose a safer, economic and feasible 
scheme. This application has not only enriched the theory and method system of tunnel blasting 
research, but also has the advantages of simple and easy to use, strong operability and so on, which 
can be widely used in other fields of engineering practice. In short, using grey correlation theory 
to analyze the correlation degree between blasting vibration effects of cross-port tunnel is helpful 
to improve the safety and stability of tunnel construction, and provide new ideas and methods for 
vibration control of similar projects. 
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Fig. 13. Grey absolute correlation matrix after averaging 

6. Conclusions 

1) The 𝑌 direction of the tunnel (the vertical direction of the tunnel) is larger than the 𝑋 
direction (the radius direction of the tunnel) and the 𝑍 direction (the axial direction of the tunnel), 
and the vibration speed of the upper part of the tunnel structure is lower, while the vibration speed 
of the lower part is higher. 

2) The peak vibration velocity of the tunnel is the largest in the unexcavated area 1-1.5 times 
from the tunnel working face. In the tunnel non-excavation area, the attenuation of blasting 
vibration is small, while in the excavation area, the attenuation of blasting energy is large. 

3) Maximum charge used in a single section and the number of segments have little influence 
on PPV (horizontal and vertical), while the main vibration frequency (horizontal and vertical) and 
vibration duration (horizontal and vertical) have greater influence. The order of influence of the 
two factors on blasting vibration effect is correspondingly higher. 

4) The research method in this paper is suitable for the study of the influence of underwater 
tunnel blasting on tunnel structure. In order to control the damage of blasting vibration to the 
surrounding rock of excavation engineering, it is necessary to take corresponding control measures 
according to the sequence of influencing factors of blasting vibration. Through grey correlation 
analysis, the key factors and secondary factors affecting the blasting vibration effect of cross-port 
tunnel can be determined, and the pros and cons and potential risks of each scheme can be 
evaluated, so as to choose a safer, economic and feasible scheme. 
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