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Attenuation model of tunnel
blast vibration velocity based
on the influence of free surface

Baoxin Jia™, Linli Zhou, Jiaojiao Cui & Hao Chen

In tunnel blasting excavation, it is important to clarify the attenuation law of blast wave propagation
and predict the blast vibration velocity effectively to ensure safe tunnel construction and protection
design. The effects of the free surface area its quantity on the blast vibration velocity are considered,
and free surface parameters are introduced to improve the existing blast vibration velocity prediction
formula. Based on the Tianhuan railway Dagianshiling tunnel project, field blast vibration monitoring
tests are performed to determine changes in the peak blasting vibration velocity based on the blast
distance and free surface area. LS-DYNA is used to establish tunnel blasting excavation models under
three operating conditions; subsequently, the attenuation law of blast vibration velocity and changes
in the vibration response spectrum are analysed. Results show that the free surface area and number
of free surfaces enable the blast vibration velocity to be predicted under various operating conditions:
a smaller free surface area results in a narrower frequency band range, whereas more free surfaces
result in a narrower frequency band range. The improved blast vibration velocity prediction formula is
validated using field and numerical test data. It is indicated that the improved formula is applicable to
various tunnelling conditions.

Blasting technology is vital to transportation, construction, water conservancy, and mining industries; however,
in tunnel blasting excavation, the dynamic effects caused by blast vibration can be detrimental to the surrounding
rock environment and lining structure. To avoid the damage and effect caused by blast vibration, the investigation
into the blast vibration attenuation mechanism has received significant attention, among which the prediction
and control of blast vibration intensity are crucial. The peak particle vibration velocity is representative of the
blast vibration intensity, and the best criterion for estimating the vibration damage level of structures is the
blast vibration velocity. Therefore, the peak particle vibration velocity is used as the control criterion for blast
vibration!. Accurately predicting the blast-induced particle vibration velocity to ensure the safe and smooth
operation of blasting projects is the main method for controlling blast vibration hazards*=>.

Studies pertaining to the blast vibration velocity as an object have been conducted extensively. For example,
Cao et al.* analysed the transmission propagation law of blast stress waves and solved the safety threshold of blast
vibration velocity based on the ultimate strength theory. Sun et al.® proposed a value of blast vibration velocity
for shallow rock, and Singh et al.” determined the safety level of the ground structure under blast vibration.
Both discussed the problem of determining the safety value of blast vibration from the blast vibration velocity.
Zhuang et al.® monitored the blast vibration law of semi-coal rock laneway, obtained the blasting main vibration
frequency from 50 to 250 Hz, and performed Sadoff formula regression fitting to calculate the safe allowable
distance for blasting in different rock layers. Kim et al.” proposed geometric damping coeflicients; Tian et al.'’
considered different paths of vibration propagation under laminated rock conditions and investigated the blast
vibration propagation and attenuation laws. Yu et al.!! conducted field tests to investigate the propagation law of
blast vibration in the surface and blast-face side of shallow buried small clearance tunnels. Zhu et al.!? preferred
a blast prediction model that considered the blasting charge and blast centre distance, as well as one that con-
sidered the blasting charge and height difference; subsequently, they established a segmental prediction model.
Wu et al.”® elucidated the amplification effect of step terrains on the blast vibration velocity and established a
vibration velocity prediction model for step terrains. Zhu et al.'* established a multi-degree-of-freedom model
of blast vibration and its differential equations of motion to propose a method for predicting the blast vibration
velocity of a multihole cut blast in layered rock masses. Applying computer theory technology, Feng'® used
empirical formulas and a grey model to predict the peak vibration velocity. Zou et al.'® used asymmetric trian-
gular fuzzy numbers, which were used to determine the parameters of a prediction formula, whereas Ma et al.'’,
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Singh et al.’¥, and Wei et al."” used neural network algorithms, artificial intelligence, and finite element simulation
techniques to establish prediction models, respectively. Yue et al.*° combined the particle swarm algorithm and
least-squares support vector machine model to predict the peak blast vibration velocity. Cai et al.> improved the
Elman neural network model by considering the free surface area to predict the blast vibration velocity using
the beetle antenna search algorithm.

Whereas the above mentioned studies considered many factors such as total charge, blast distance, eleva-
tion, hole diameter, number of holes, and blasting duration to establish prediction models including the neural
network model and least squares support vector machine, less research has been conducted regarding the effect
of free surface parameters on blast vibration attenuation. In addition, in tunnel blasting excavation, the cutting
holes create a free surface, and the area and number of free surfaces affect blasting excavation and tunnel blast
vibration attenuation. In this study, based on the Sadoff empirical formula and the vibration velocity attenua-
tion formula of Lu et al.?}, free surface parameters are introduced into a formula to improve the prediction of
the peak blast vibration velocity.

Tunnel blast vibration velocity prediction formula

In the blasting industry, blast vibration hazard effects are evaluated by predicting the peak particle vibration
velocity, and blast vibration control measures are formulated; however, the prediction accuracy is a longstanding
issue in the blasting industry. Based on extensive engineering experience and research, scholars have proposed
different empirical formulas for the blast vibration velocity. Currently, the empirical formula of the peak blast
vibration velocity proposed by Sadoft, which is shown in Eq. (1), is the most widely used in China’s blasting

industry:
1/3\ 4
V=K ( —QR > (1)

where V is the peak blast vibration velocity (cm/s); Q is the maximum single detonation charge (kg); R is the
source distance (m); K and q are field coefficients.

The formula above does not reflect the effects of explosive properties, explosive type, charging method, hole
size, and surrounding rock parameters on the blast vibration velocity. Lu et al. obtained an equation expressing
particle blast vibration velocity using the fluctuation method to reflect the above mentioned factors. Based on the
wavelet of the long column charge and column surface wave theory, the Helen solution for the stress wave field
excited by the column charge package was analysed to derive an equation for the peak blast vibration velocity?',

which is shown in Eq. (2).
b o
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where k is the improvement factor associated with the blasting conditions, p, the initial pressure of the blast-gen-
erated gas in the hole (Pa), b the radius of the hole (mm), p the rock density (kg/m?), R the distance of the detona-
tion point from the particle (m), ¢, the rock longitudinal wave velocity (m/s), and « the blast vibration attenuation
index. When the charge is coupled, p,=p,, where p,=p,D*/2(y +1). When the charge is uncoupled, if the uncou-
pled factor b/a is smaller, then p,=p.(a/b)?; if b/a is larger, then py = [peD?/2(y + 1)]V0/Vpk(y’)’°)(u/b)2"0,
where p, is the explosive density, D the explosive detonation velocity, y the adiabatic index, py the critical pressure
of the explosive, p, the average explosive detonation pressure, and a the radius of the charge.

Generally, the surface of a blasted rock in contact with air is referred to as the free surface. The larger the free
surface area and the greater the number of free surfaces, the more prominent is the blasting effect. The free sur-
face is one of the important factors affecting the blasting effect. Hence, the prediction accuracy can be improved
by investigating the effects of free surface factors on the blast vibration velocity and the influence law of the free
surface into the prediction formula.

The free surface parameters were introduced into the vibration velocity calculation formula to improve the
peak vibration velocity prediction formula based on the Sadoff formula and the peak vibration decay formula
by Lu et al. This is because the larger the free surface area, the greater is the number of free surfaces, and the
smaller is the surrounding blast vibration?’. Therefore, the free surface area S, number of free surfaces m, and
free surface index f were selected as the free surface parameters and then incorporated into Sadoff’s formula [as
shown in Eq. (1)] and Lu et al’s formula [as show in Eq. (2)]. The inconsistency in the magnitude after consider-
ing the direct addition of S was considered by incorporating the term (S/mR?)%; hence, the improved formulas

are as shown in Eqgs. (3) and (4).
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where S is the free surface area, which is the surface area where the hole arrangement is located; m is the number

of free surfaces, which is the number of blasting rock mass surfaces exposed to air; § is the free surface index.
The remaining variables are the same as those in Egs. (1) and (2).
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Rock modulus Tangential Hardening P wave velocity
Density (kg/m?) (Pa) modulus (Pa) Poi ’s ratio | par ters Yield stress (Pa) | (m/s) Cohesion (Pa) | Angle of friction
2430 4.83x10° 1.13x 10% 0.26 0.5 3.0x 107 1560 5x10° 30°

Table 1. Surrounding rock physics parameters.
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Figure 1. Tunnel cross-section dimensions (units: cm).

Tunnel blasting field tests

Field overview. Based on the Tianhuan railway Dagianshiling tunnel as an example, the total length of the
tunnel was 2460 m, which reflects a medium-sized tunnel in a railway tunnel. The tunnel inlet and outlet sec-
tions DK69 +225-DK69 +495 and DK71 + 180-DK71 + 685 contained level IV-V surrounding rocks, excavated
via the overrunning small conduit pre-supporting step method, and the middle section DK69 +495-DK71 + 180
contained level II-IIT surrounding rocks, excavated via the full section method; both excavation methods are the
blasting excavation method. Based on the geological survey data of the project and indoor rock mechanics test,
it was discovered that the surrounding rock of the tunnel was quartz sandstone, which is a hard rock, and the
surrounding rock parameters are listed in Table 1. The tunnel cycle feed was set as 1.6 m. The length of the steps
was 10 m, which is considered short. The tunnel cross-section was a horseshoe-shaped four-centred circular arch
tunnel, and the tunnel cross-section dimensions are shown in Fig. 1.

The blasting excavation was performed using rock emulsion explosives with a TNT equivalent value of 0.73%.
The explosive density was 1200 kg/m?, the explosive detonation velocity was 4500 m/s, and the adiabatic index
was 3. In the blasting design, 153 holes were arranged in the outer contour of the tunnel, including two bum holes,
seven cutting holes, 87 reliever holes, and 57 rim holes; the hole arrangement is shown in Fig. 2. The diameter
of the hole was 35 mm, and the charging method was coupled. The total amount of charge in the entire section
was 152.16 kg, 72.48 kg in the upper step and 79.68 kg in the lower step.

Tunnel blast vibration monitoring. The data acquisition system developed by the Institute of Geology,
China Earthquake Administration, was used for the blast vibration monitoring test. It comprised five parts: sen-
sors, cables, data hubs, converters, and signal collectors (Fig. 3). The signal acquisition frequency of the blast test
was set to 50 kHz, and the sensor was a non-directional velocity sensor.

Seven monitoring points were established for blast vibration monitoring, and five blasting tests were con-
ducted. Owing to the complexity of the field environment and the difference in the blasting effect of the rim
holes, the free surface area of each blast changed, and the free surface areas of the fourth and fifth blasts increased
because of the addition of an emergency avoidance hole in those areas. The monitoring points were fixed to the
right side of the interior of the tunnel. The monitoring points were named using two digits, where the first digit
represents the serial number of the blast, and the second digit represents the location of the monitoring point.
For example, 3-2 indicates the third blast-monitoring point, No. 2. The peak vibration velocity of the extracted
monitoring signal, the area of the free surface of each blast, and the distance of each monitoring point from the
blast free surface are listed in Table 2.

Comparison of blast velocity prediction formulas.  The burst source distance R, peak vibration veloc-
ity V, and free surface area S listed in Table 2 were used to establish the elements individually in the correspond-
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Figure 2. Blast hole layout.

Monitoring points 1-1 1-2 1-3 1-4 1-5 1-6 1-7

First blast Blast distance (m) 42 [55 |68 |80 |95 120|135 gfg;“rf“"' area (m)
Peak vibration velocity (cm/s) | 7.847 | 6.415 | 4.980 |4.077 |2.977 |2.621 |1.350
Monitoring points 2-1 2-2 2-3 2-4 2-5 2-6 2-7

Second blast | Blast distance (m) 45 58 71 83 98 123|138 I;;;lsurface area (m?)
Peak vibration velocity (cm/s) | 7.275 | 4.819 |3.749 |3.118 |2.727 |2.500 |1.290
Monitoring points 3-1 3-2 3-3 3-4 3-5 3-6 3-7

Third blast Blast distance (m) 48 61 74 86 101|126 |141 gf:;“rface area (m?)
Peak vibration velocity (cm/s) | 6.330 | 4.551 |3.707 |2.701 |2.653 |2.356 |1.123
Monitoring points 4-1 4-2 4-3 4-4 4-5 4-6 4-7

Fourth blast Blast distance (m) 66 79 92 104 119 144 159 ggeless urface area (m’)
Peak vibration velocity (cm/s) | 4.556 |2.459 |2.616 |1.675 |1.585 |1.169 |0.611
Monitoring points 5-1 5-2 5-3 5-4 5-5 5-6 5-7

Fifth blast Blast distance (m) 69 82 95 107 [122 [147 |162 ggeze :‘"face area (m?)
Peak vibration velocity (cm/s) | 4.071 |3.210 |2.259 |1.934 |1.250 |0.801 |0.362

Table 2. Site blasting vibration velocity monitoring data.

ing column vector, based on the prediction formula shown in Egs. (1) to (4). The MATLAB Curve Fitting Tool
was used for fitting, and the fitting curve is shown in Fig. 4, whereas the fitting parameters are listed in Table 3.
It was clear that the Sadoff formula and Lu et al. formula for predicting the peak vibration velocity considering
the blast vibration parameters were different. However, the relationship between the change in the peak vibration
velocity and the propagation distance was the same; hence, the effects of the two fittings were the same.
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Figure 4. Fitting curve of site test: (a) Base formula fitting. (b) Improved formula fitting.

Formula number (1) 3) () (4)
K=154.7 | K=2804 |k=0.1922 | k=0.3456
Best estimation of parameter q=4.041 a=4.041
q=1.428 135 a=1428 135
SSE 7914 6.515 7.914 6.515
RMSE 0.4897 0.4512 0.4897 0.4512
R-square 0.9340 0.9456 0.9340 0.9456
Adjusted R-square 0.9320 0.9422 0.9320 0.9422

Table 3. Field test fitting parameters.

The summed variance (SSE), standard deviation (RMSE), coefficient of determination (R-square) and adjusted
coefficient of determination (adjusted R-square) in Table 3 were calculated and generated using the MATLAB
Curve Fitting Tool. They were calculated as shown in Egs. (5)-(8), respectively, as follows:

n

SSE= Y wi(yi — i)’ 5)

i=1

(6)
A2
R-s uare—l—w ]
T wili =) (7)
Siwi(yi =)
1—-R:(n—-1
Adjusted R- square = 1 — w (8)
n—p—1

In the equations above, w; is the data sample weight, y; the original data, y; the predicted data, ¥, the original
data mean, n the number of samples, and p the number of features.

The closer the SSE and RMSE are to 0, the closer are the R-square and adjusted R-square to 1. These values
reflects a well fit model, indicating that the independent variables can better reflect the dependent variable.
Therefore, these four fitting parameters can be used to compare the strengths and weaknesses of the fit of the
prediction formulas. By comparing the data shown in Table 3, it can be concluded that the blast vibration veloc-
ity prediction formula with the addition of the free surface parameters is better in terms of fitting. The Fig. 4
shows that the distribution of scattered points on the curve is more scattered than the distribution of scattered
points on the surface. This indicates that the effects of the free surface area and number of free surfaces on the
peak blast vibration velocity are non-negligible. Therefore, free surface parameters must be incorporated into
the base prediction formula.
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Figure 5. Tunnel numerical model: (a) Full section model. (b) Step model.

Blast source | x, Yo Zy

Full section 8.00000 9.60910 | 48.2716
Upper step 8.00000 | 11.8502 | 38.3951
Lower step 8.00000 7.36643 | 48.2716

Table 4. Blast source coordinates (units: m)

Tunnel blasting numerical tests

Owing to certain limitations of the field tests, e.g. small variations in the free surface area, vibration velocity
monitoring was performed only during the full section stage of tunnel excavation. Therefore, the effects of the free
surface parameters of tunnel blasting on the blast vibration velocity is discussed based on numerical calculations.

LS-DYNA computational modelling. LS-DYNA analysis software was used to establish the tunnel
model based on the operating conditions of the Daqianshiling tunnel. Because the tunnel section is symmetrical
on the left and right, to improve the software calculation efficiency, the model was established using the left half,
where a symmetric boundary condition was set in the symmetric section. The calculated model was 70 m long
(z-direction), 8 m wide (x-direction), and 19 m high (y-direction), and the established model is shown in Fig. 5.
Two numerical models were established: a full section model (as shown in Fig. 5a) and a step model (as shown
in Fig. 5b).

Each model was segregated into two modules, one for the excavated section, and the other for the unexcavated
section. Furthermore, the same physical and mechanical parameters were set for the surrounding rock in both
sections. In the full section model, the length of the excavated section was 50 m, i.e. the depth of the tunnel was
50 m. In the step model, the length of the step was 10 m, and the remaining dimensions were the same as those
of the full section model. The model grid size was 0.25 m. The hole was located in the centre of the palm face,
occupying a cell with a depth of 3 m, and 12 cells were removed. Because the model boundary was limited, i.e.
much smaller than the field, when the fixed boundary conditions are used, the reflection of the boundary on the
blast wave is evident; therefore, the boundary conditions were set to the no-reflection boundary, BOUNDARY_
NON_REFLECTING; to reduce the reflected wave generated by the model boundary to the model perturbation.
The tunnel calculation model was segregated into three regions as follows: (1) Full section blasting—a full section
area measuring 48.9515 m?, a free surface is present, and the source is located in the centre of the full section;
(2) upper step blasting—an upper step area measuring 22.8886 m?, a free surface is present, and the source is
located in the centre of the upper step section; (3) lower step blasting—a lower step area measuring 26.0629 m?,
two free surfaces are present, and the source is located in the centre of the lower step section.

The Mohr-Coulomb material keyword, MAT_MOHR_COULOMB; was selected for the surrounding rock
constitutive model. The blast load was set using the LOAD_BLAST_ENHANCED’ function*, which simulates
the action of the blast wave with the geotechnical mass based on LOAD_BLAST_SEGMENT_SET". This blast
setting method disregards the shape of the explosive charge and the propagation of the blast shock wave in air;
as such, the charge and air need not be modelled, which reduces computational time. Zhang et al.”® and Gilson
et al.?® applied the method above and verified its feasibility.

In this method of applying blast loads, the TNT equivalent of the explosive must be defined; additionally,
the blast action plane and blast source coordinates must be selected. The blast source coordinates were set as the
centre coordinates of the hole (see Table 4), and the blast action plane was selected as the inner side of the hole.
Because the cell measured 0.25 m and the actual hole diameter was 0.035 m, the area of one cell corresponded to
65 actual holes after conversion. Because the average charge of a hole was 1 kg (based on the engineering blast-
ing design), 65 kg of explosives were set in the holes of all three types of models; furthermore, it was ensured
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Figure 7. Illustration of monitoring point locations.

that the explosives would not exceed the maximum charge under various operating conditions. The emulsified
explosive charge was converted to a TNT equivalent of 47.45 kg. The blasting parameters of the three types of
models were unified and satisfied the requirements of the comparison test.

To verify that the model above can reflect the field test results, the length of the excavated section of the model
was extended to 150 m, which eases comparison with field monitoring data. Because the field data were only
available for the full section excavation stage, model validation was performed only for the full section model.
Disregarding the change in the free surface area in the field test, the monitoring point vibration velocity of the
first three blasting full sections was selected for the calibration data. The numerical model explosive quantity
was adjusted to 111.08 kg TNT equivalent for calculation. A comparison between the numerical simulation
and monitoring results is shown in Fig. 6, which shows that the numerical model established in this study can
simulate the field test accurately.

Particle vibration velocity monitoring. The monitoring points were set at the side walls of the upper
and lower step separation interfaces and arranged horizontally along the tunnel axis. The monitoring points for
the three types of model were in the same position. Eight monitoring points were set in the full section model
and the lower step model, beginning from the palm face; the first six monitoring points were spaced 5 m apart
(20 units), and the last two monitoring points were spaced 7.5 m apart (30 units). In the upper step model, the
eight monitoring points were retained, and two monitoring points were added on the same horizontal line on the
step with an interval of 5 m (20 units) (see Fig. 7). The coordinates of each monitoring point are listed in Table 5,
and the monitoring points were numbered based on the node number. The resultant velocity of the monitoring
points was extracted via numerical model calculations. The effects of the free surface parameters on the blast
vibration velocity were compared and analysed.

Each monitoring point blast distance can be determined using the blast source coordinates and monitoring
point coordinates, and the blast distances are shown in Table 6. The velocity time course curves are shown in
Fig. 8, and the vibration waveforms with monitoring point serial No. 1 in the three models and monitoring point
serial No. 9 in the upper step model are listed.
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Serial no. | Monitoring point no. | x; ¥i z; Remarks

1 2341761 4.90407 | 9.66302 | 50.2488

2 2341741 4.90407 |9.66344 | 55.2239

3 2341721 4.90407 |9.66344 | 60.1990

4 2341701 4.90407 |9.66344 | 65.1741 | pe monitoring points numbered from 1 to 8 are the monitoring points common to the three models, and

5 2341681 490407 | 9.66344 | 70.1492 | the numbering increases from the smallest to the largest as the distance from the palm surface increases. The
monitoring points numbered 9 and 10 are the additional monitoring points on the upper platform, and the

6 2341661 4.90407 |9.66344 | 75.1244 | numbering increases from the smallest to the largest as the distance increases from the upper platform palm

7 2341631 490407 | 9.66344 |82.5871 | surface

8 2341601 4.90407 | 9.66344 | 90.0498

9 2887082 4.95309 |9.66237 | 40.3704

10 2887062 4.95292 | 9.66239 | 45.3086

Table 5. Monitoring point coordinates (units: m).

Serial No. | Full section model | Upper step model | Lower step model
1 3.67383 12.4450 4.33225
2 7.61066 17.2504 7.94956
3 12.3228 22.1309 12.5349
4 17.1838 27.0459 17.3365
5 22.0956 31.9795 22.2146
6 27.0307 36.9244 27.1281
7 34.4549 44.3543 34.5314
8 41.8928 51.7936 41.9557
9 - 4.23935 -

10 - 7.86560 -

Table 6. Calculation of blast distance at monitoring point (units: m).

The peak particle vibration velocity at each monitoring point was determined, as shown in Table 7, and the
V-R scatter diagram is plotted in Fig. 9.

Analysis of peak particle vibration velocity variation. Attenuation of peak particle vibration veloc-
ity. 'The MATLAB Curve Fitting Tool was used to fit the scatter data of the three models using Eq. (1) while the
full scatter was fitted, and the statistics of the fitted parameters are listed in Table 8.

As shown in Table 8, the fitting effect was favourable when fitting the blast vibration decay curves individu-
ally; however, the differences among the fitted curves were significant. When all the data were fitted together,
the fit was inferior. This indicates that the change in the blasting free surface parameters significantly affected
the tunnel blast vibration velocity decay. The results of the numerical calculations were fitted using Eqgs. (1) and
(4). The fitted curves are shown in Fig. 10, and the fitted parameters are listed in Table 9.

The numerical test fitting indexes indicate that the blast vibration velocity prediction formula considering the
free surface parameters significantly improved the fitting indexes and yielded a better fitting effect than the base
formula. This indicates that Egs. (3) and (4) can be more widely used for predicting the peak vibration velocity
in various tunnel blasting sections.

Vibration response spectrum characteristics. A spectral analysis of the vibration velocity waveforms at each
monitoring point was performed, and the spectrum plots of each monitoring point of the three models were
obtained using Fourier transform, as shown in Fig. 11.

The vertical axis amplitude was increased by 100 times, and the frequency range with an amplitude greater
than 0.5 was regarded as the main frequency range of vibration. As shown in Fig. 11, the numerical model blast
vibration was dominated by low-frequency vibrations. Near the free surface monitoring point, the vibration band
was the widest, and the vibration response was the most significant. As the propagation distance increased, the
vibration response weakened, and the amplitude decay and band range reduction stabilised. Figure 11a shows
that the vibration frequency range of the full section model was primarily in the range of 0-400 Hz, and that the
high-frequency components above 150 Hz decayed the fastest. Figure 11b shows that the vibration frequency
range of the upper step model was primarily in the range of 0-350 Hz, and the frequency components above
90 Hz decayed rapidly. Figure 11c shows that the overall vibration amplitude of the lower step model was sig-
nificantly lower than that of the first two models, and that the vibration frequency range reduced significantly
reduced, primarily in the range of 0-280 Hz, with the frequency components above 90 Hz decaying rapidly. As
shown in Fig. 11, the amplitude of the vibration speed waveform decreased gradually from low frequency to high
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Figure 8. Time course curve of resultant velocity of blast vibration: (a) Full section monitoring point 1. (b)
Lower step monitoring point 1. (c) Upper step monitoring point 1. (d) Upper step monitoring point 9.
Serial No. | Full section model | Upper step model | Lower step model
1 0.4073 0.0721 0.1878
2 0.1579 0.0613 0.0987
3 0.1067 0.0555 0.0706
4 0.0859 0.0494 0.0709
5 0.0829 0.0493 0.0664
6 0.0862 0.0424 0.0537
7 0.0811 0.0423 0.0445
8 0.0847 0.0358 0.0293
9 - 03221 -
10 - 0.1166 -
Table 7. Statistics of peak vibration velocity of each monitoring point (units: m/s).
frequency. The inflexion point of the amplitude of the vibration speed waveform with frequency was at 100 Hz.
The amplitude decay rate was high, and the curve in the 0-100 Hz band was steep. After 100 Hz, the amplitude
decay rate was low, and the curve was flat. Therefore, with 100 Hz as the cutoff point, the waveform amplitude per-
centage was calculated for 0-100 Hz, as shown in Table 10. As shown, as the propagation distance increased, the
low-frequency component of the waveform at 0-100 Hz increased proportionally and dominated. All the results
show that the vibration response from blasting contained both high- and low-frequency components; however, as
the blast wave propagated, the high-frequency components decayed rapidly, and the vibration response retained
only the low-frequency components and remained in a stable frequency band range.
Comparing the three numerical models, it was discovered that the widths of the initial frequency bands
differed for different free surface areas and numbers. It was observed that a smaller free surface resulted in a
Scientific Reports|  (2021) 11:21077 | https://doi.org/10.1038/s41598-021-00640-9 nature portfolio
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Figure 9. V-R scatter plot and fitting curve.

0 5 10 15 20 25 30 35 40 45 50 55

Fitted objects Full section scatter | Upper step scatter | Lower step scatter | Full scatter
K best estimate 0.3933 0.3666 0.2045 0.3338

q best estimate 0.904 1.13 0.7301 0.9832

SSE 0.00603 0.003399 0.0007573 0.03037
RMSE 0.0317 0.02061 0.01123 0.03557
R-square 0.9318 0.9496 0.9549 0.8398
Adjusted R-square | 0.9204 0.9433 0.9474 0.8331

Table 8. Model fitting parameters.
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Figure 10. Numerical test fitting curve: (a) Base formula fitting. (b) Improved formula fitting.

Formula number (1) 3) ) (4)
K=0.3338 | K=0.2493 | k=6.147x10" | k=3.187x10"*
Best estimation of parameter q=0.1984 a=0.1985
q=0.9832 803654 a=0.9834 03654
SSE 0.03037 0.01371 0.03037 0.01371
RMSE 0.03557 0.02441 0.03557 0.02441
R-square 0.8398 0.9277 0.8398 0.9277
Adjusted R-square 0.8331 0.9214 0.8331 0.9214

Table 9. Numerical test fitting parameters.
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Figure 11. Spectrogram of particle vibration velocity waveform: (a) Full section model. (b) Upper step model.
(c) Lower step model.

Serialno | Full section model | Upper step model | Lower step model
9 - 39.34 -

10 - 50.05 -

1 33.24 49.26 39.87
2 44.12 49.27 47.07
3 50.61 49.11 47.92
4 57.32 49.17 54.70
5 64.59 52.40 58.57
6 64.45 56.60 62.48
7 68.64 59.87 61.14
8 70.57 64.78 60.55

Table 10. Amplitude ratio statistics in 0-100 Hz frequency domain (%).

narrower frequency band range, whereas more free surfaces resulted in a narrower frequency band range. The
step model filtered out more high-frequency components and retained fewer low-frequency components.

Discussion and conclusions

In previous studies, the effects of free surface parameters on the blast vibration velocity decay were rarely con-
sidered, although the free surface parameters affected the blasting effect. Therefore, based on the blast vibration
decay prediction formula proposed previously, the blast vibration prediction formula was improved by consid-
ering the effects of two parameters, namely, the free surface area and the number of free surfaces, as shown in
Eqgs. (3) and (4), respectively. The progress of the improved formula was verified using field blast monitoring
data. A numerical simulation was performed using LS-DYNA to analyse the decay of the blast vibration velocity
under three different operating conditions of tunnel excavation, and the results verified the superiority of the
improved formula. The conclusions of this study are as follows:
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The blast vibration velocity prediction formulas by Sadoff and Lu et al. were improved by introducing two
influencing parameters, i.e. the free surface area S and the number of surfaces m, by incorporating a factor
term, (S/mR?)P. The original blast vibration velocity prediction formula yielded better prediction only under
a single operating condition, and the prediction formula can be applied more widely after adding the free
surface parameters. The fitting index indicated that the improved prediction formula demonstrated better
model selection and fitting.

The initial vibration response of the blast vibration was significant; in addition, the amplitude decayed rapidly
as the propagation distance increased and then stabilised in the form of an exponential decay.

The main frequency range of blast vibration in the initial stage indicated a wide range of frequency bands
with clear high-frequency components; as the propagation distance increased, the high-frequency compo-
nents decayed rapidly, and the frequency band narrowed. The final vibration response was dominated by
low frequencies, primarily in the 0-100 Hz range.

Received: 13 August 2021; Accepted: 15 October 2021
Published online: 26 October 2021

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

National Standard Writing Group of the People’s Republic of China. Blasting Safety Regulations: GB 6722-2014 (China Planning
Press, 2014).

Zhao, H. B., Long, Y., Song, K. J., Hu, X. Y. & Dong, C. Prediction methods and influence factors of blasting vibration velocity. Eng.
Blasting 18(1), 24-27 (2012).

Malmgren, L. & Nordlund, E. Behaviour of shotcrete supported rock wedges subjected to blast-induced vibrations. Int. J. Rock
Mech. Min. Sci. 43(4), 593-615. https://doi.org/10.1016/j.ijrmms.2005.11.007 (2006).

. Cao, E, Ling, T. H. & Zhang, S. Safety threshold of blasting vibration velocity of highway tunnel considering influence of stress

wave transmission. J. Vib. Shock 39(23), 154-159. https://doi.org/10.13465/j.cnki.jvs.2020.23.023 (2020).

. Cai, C, Qian, Q & Fu, Y. E Application of BAS-Elman neural network in prediction of blasting vibration velocity. Procedia Comput.

Sci. 166, 491-495. https://doi.org/10.1016/j.procs.2020.02.059 (2020).

. Sun, J. S. et al. Discussion on the safety threshold of blasting vibration velocity for slope rock masses in safety regulations for

blasting. Chin. J. Rock Mech. Eng. 36(12), 2971-2980. https://doi.org/10.13722/j.cnki.jrme.2016.1383 (2017).

. Singh, P. K. & Roy, M. P. Damage to surface structures due to blast vibration. Int. J. Rock Mech. Min. Sci. 47(6), 949-961. https://

doi.org/10.1016/j.ijrmms.2010.06.010 (2010).

. Zhuang, Y. ]. et al. Analysis on monitoring of blasting vibration in semi coal and rock roadway excavation. Saf. Coal Mines 51(11),

258-262. https://doi.org/10.13347/j.cnki.mkaq.2020.11.053 (2020).

. Kim, D. S. & Lee, J. S. Propagation and attenuation characteristics of various ground vibrations. Soil Dyn. Earthq. Eng. 19(2),

115-126. https://doi.org/10.1016/50267-7261(00)00002-6 (2000).

Tian, L., Cai, J. L. & Gao, X. H. Experimental study on the attenuation characteristic of blasting vibration in stratified rock masses.
J. N. China Univ. Water Resour. Electr. Power Nat. Sci. Ed. 37(5), 82-87 (2016).

Yu, J. X,, Guo, M., Chen, C., Wang, J. X. & Chen, F. B. Blasting vibration response characteristics of urban super-shallow buried
small clear distance tunnel. China Civ. Eng. J. 53(1), 272-277. https://doi.org/10.15951/j.tmgcxb.2020.51.043 (2020).

Zhu, M. et al. Optimization of blasting vibration velocity attenuation model under the condition of soil-rock strata. Sci. Technol.
Eng. 21(10), 4211-4218 (2021).

Wu, X,, Zhang, Y. P. & Guo, Q. F. Amplification and attenuation effect of blasting vibration on step topography. Explos. Shock Waves
37(06), 1017-1022 (2017).

Zhu, J., Wei, H. X,, Yang, X. L. & Chu, H. B. Prediction of blasting vibration velocity of layered rock mass under multihole cut
blasting. Shock Vib. https://doi.org/10.1155/2021/5511190 (2021).

Feng, X. D. Prediction of vibration response of adjacent buildings by subway drilling and explosion method. Chin. J. Undergr. Space
Eng. 17(02), 580-589 (2021).

Zou, E, Tang, X. & Fang, Z. F. Research on parameter determination method of blasting vibration velocity prediction formula
based on asymmetric triangular fuzzy number. Highway 7, 140-145 (2016).

Ma, C. Y. et al. Research of underground caverns blasting vibration velocity prediction based on artificial intelligence method.
Blasting 4, 12-16 (2017).

Singh, T. N. & Singh, V. An intelligent approach to prediction and control ground vibration in mines. Geotech. Geol. Eng. 23(3),
249-262. https://doi.org/10.1007/s10706-004-7068-x (2005).

Wei, L. Y., Dong, L. Y, Li, H. & Feng, L. Prediction method of vibration velocity of blasting in soil based on numerical simulation.
J. Chongging Jiaotong Univ. (Na. Sci.) 36(4), 51-57 (2017).

Yue, Z. W. et al. Prediction of blasting vibration effect in open-pit mine based on POS-LSSVM model. Eng. Blasting 26(06), 1-8
(2020).

Lu, W. B. & Hustrulid, W. An improvement to the equation for the attenuation of the peak particle velocity. Eng. Blasting 8(3), 1-4
(2002).

Cui, J. J. Attenuation law and control measures of vibration velocity in tunnel blasting (Liaoning Technical University, 2018).
National Standard Writing Group of the People’s Republic of China. Civilian Explosives Engineering Design Safety Standard GB
50089-2018 (China Planning Press, 2018).

Randers-Pehrson, G., & Bannister, K. A. Air Blast Loading Model for DYNA2D and DYNA3D. DTIC Document (1997).

Zhang, C. W., Gholipour, G. & Mousavi, A. A. Nonlinear dynamic behavior of simply-supported RC beams subjected to combined
impact-blast loading. Eng. Struct. 181, 124-142. https://doi.org/10.1016/j.engstruct.2018.12.014 (2019).

Gilson, L., Roey, J. V., Guéders, C., Gallant, J. & Rabet, L. A simple coupling of ALE domain with empirical blast load function in
LS-DYNA. In Dymat-International Conference on the Mechanical and Physical Behaviour of Materials Under Dynamic Loading.
EDP Sci. 26, 04018 (2012).

Acknowledgements

This study is financially supported by The National Natural Science Foundation of China (51774173), The Liaon-
ing Revitalization Talents Program (XLYC2007163) and The Discipline Innovation Team of Liaoning Technical
University (LNTU20TDO08), which are gratefully acknowledged.

Scientific Reports |

(2021) 11:21077 | https://doi.org/10.1038/s41598-021-00640-9 nature portfolio


https://doi.org/10.1016/j.ijrmms.2005.11.007
https://doi.org/10.13465/j.cnki.jvs.2020.23.023
https://doi.org/10.1016/j.procs.2020.02.059
https://doi.org/10.13722/j.cnki.jrme.2016.1383
https://doi.org/10.1016/j.ijrmms.2010.06.010
https://doi.org/10.1016/j.ijrmms.2010.06.010
https://doi.org/10.13347/j.cnki.mkaq.2020.11.053
https://doi.org/10.1016/S0267-7261(00)00002-6
https://doi.org/10.15951/j.tmgcxb.2020.s1.043
https://doi.org/10.1155/2021/5511190
https://doi.org/10.1007/s10706-004-7068-x
https://doi.org/10.1016/j.engstruct.2018.12.014

www.nature.com/scientificreports/

Author contributions

J.B.X. proposed the methodology and experimental concept, Z.L.L. analyzed the experimental data and organ-
ized the manuscript, C.J.J. conducted the numerical tests, and C.H. carried out the field monitoring. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to B.J.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:21077 | https://doi.org/10.1038/s41598-021-00640-9 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Attenuation model of tunnel blast vibration velocity based on the influence of free surface
	Tunnel blast vibration velocity prediction formula
	Tunnel blasting field tests
	Field overview. 
	Tunnel blast vibration monitoring. 
	Comparison of blast velocity prediction formulas. 

	Tunnel blasting numerical tests
	LS-DYNA computational modelling. 
	Particle vibration velocity monitoring. 
	Analysis of peak particle vibration velocity variation. 
	Attenuation of peak particle vibration velocity. 
	Vibration response spectrum characteristics. 


	Discussion and conclusions
	References
	Acknowledgements


