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Abstract

Tunnel drilling and blasting will cause large vibrations in the surrounding rock and struc-
tures. This vibration effect weakens the rock, greatly threatening the surrounding rock’s
structural integrity and the safety of tunnel construction. Based on an analysis of the status
quo of rock blasting, this study performs on-site monitoring of blasting vibration and
examines the characteristics of the vibration velocity in the tunnel’s surrounding rock. A
load-time history diagram is used to establish a three-dimensional numerical model of the
tunnel to analyze the distribution characteristics of the vibration velocity. The applicability
of the model is verified by field monitoring data. The simulation revealed a maximum
vertical vibration velocity of 48.6 cm/s near the blast source. The response of the rock mass
to the blasting load is analyzed at each key position, and the particle vibration velocity law
is studied. On this basis, the corresponding Sadovsky formula is thus derived, which can
be used to determine the site coefficient, K, and the attenuation exponent, o (with values
ranging from 1.268 at the arch waist to 1.594 at the vault and invert), and to predict the
vibration velocity in the far blasting area. The maximum charge dose and safety distance
are derived under different control standards based on these data. For a control standard of
15 cm/s and a maximum charge of 20 kg, the required safety distance was determined to
be 11.8 m. The findings can contribute to blasting scheme design and enhance the security
management of construction sites.

Keywords: mountain tunnel; blasting vibration; dynamic response; vibration velocity

1. Introduction

Rock blasting uses blast waves, stress waves, and blast gas to fracture or damage a
structure. The resulting blasting area can be divided into the blasting zone, the near and
far zones, the crushed zone, the fracture zone, and the vibration zone, among which the
fracture zone presents the main part of failure in the blasting construction of an engineering
rock mass [1]. The cracks in this zone substantially reduce the load-bearing capacity of the
rock mass to a capacity that no longer satisfies the load-bearing requirements in engineering
construction. Although no obvious macroscopic fractures are found in the vibration zone
around the rupture zone under the action of dynamic stress, the mechanical properties
of the rock deteriorate to a certain extent while its bearing capacity decreases. In blasting
construction, the mechanism of the explosion load on the rock mass and the resulting rock
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mass fractures have received the attention of many scholars at home and abroad [2—4].
For instance, Song and Kim [5] studied a model rock fracture process under the action
of explosion based on Newton’s second law, Minchinton and Lynch [6] studied the rock-
breaking process and movement due to explosive gas, and Li et al. [7,8] studied the dynamic
mechanical properties of rock samples under the influence of the two aforementioned
factors from the aspects of loading rate and confining pressure. Huang et al. [9] used
the wave wavelet packet method to study the characteristics of blasting seismic waves,
such as frequency distribution characteristics of blasting seismic wave and blasting energy
distribution. Man et al. [10] found that the blast energy distribution of single-wedge
and double-wedge cutting is more uniform, mainly concentrated in the high-frequency
part, while the blast energy of straight parallel hole cutting is more concentrated in the
low-frequency part.

The propagation characteristics and attenuation laws of blasting vibration in a rock
mass are extremely complex, while the dynamic response of a rock mass under blasting
vibration is also difficult to predict. Scholars have adopted various methods to examine
these problems. Numerical simulation tools, such as FLAC (v1994) [11], ANSYS (v2024) [12],
ABAQUS (v2024) [13], and the boundary element model [14], have been widely adopted
to model blasting vibrations due to their capabilities in handling wave propagation and
structural dynamics. However, these studies often rely on simplified load models or lack
validation through detailed field monitoring. In contrast, our study utilizes MIDAS/GTS
NX to develop a high-resolution 3D model calibrated with on-site vibration data, enabling
a more accurate analysis of vibration distribution and the derivation of site-specific safety
criteria. Many research studies have used blast vibration wave velocity and signal to
analyze the blasting vibration effect [15-17]. For example, Shen et al. [18] statistically
analyzed the test blasting vibration data collected from the New Liujiagou tunnel and
found that the vibration velocity and amplitude of the resultant particles increases and
decreases with increasing blasting center distance, respectively. Lu et al. [19] examined the
longitudinal wave as a research object and used the wave function expansion method to
deduce an analytical solution for the dynamic response of the composite lining tunnel in
an infinite elastic medium under the action of a seismic wave induced by blasting.

The peak values of the displacement, velocity, and acceleration of particle vibration
are important indices for measuring blasting vibration intensity. Given the dynamic nature
of blasting earthquake action, both the maximum acceleration and maximum velocity
have been widely used in blasting engineering applications. Many studies have revealed
a positive correlation between the damage degree of the blasting earthquake and the
magnitude of the vibration velocity. The vibration vectors of rock and soil media are
obtained from the sum of the perpendicular, horizontal, and tangential vibration vectors.
The largest component vector, often the vertical vibration velocity of the particle, is generally
adopted as a judgment standard [20]. Shao et al. and Li et al. [21,22] quantitatively studied
the influence of different delay times (ms) on the dynamic response of the tunnel lining and
determined a reasonable blasting delay time based on the safety criterion for the particle
vibration speed. Ak et al. [23] proposed prediction graphics of maximum charge weight
per delay versus distance for different damage criteria to be able to perform controlled
blasting in order to not damage the nearby structures.

An empirical formula derived from measured engineering blasting data can be used
to calculate the velocity of blasting vibration. Many researchers (J.R. Devine from the
American Mining Bureau [24] and P.B. Attewel et al. [25]) have collected test data and
derived their own formulas for calculating such a velocity. For instance, Sadovsky’s
formula has been modified in many blasting projects across China based on their respective
conditions [26]. These formulas show that the blasting vibration velocity, V, is related to
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the loading capacity, Q; the blast source distance, R; and site coefficients, K and «. In
specific projects, the value of K is selected based on the geological conditions of the site
and the adopted blasting method to predict the peak vibration at different distances from
the explosion source.

According to the safety regulations for blasting (GB6722-2014) [27], the vibration of the
buildings, rock, and soil within the vicinity of the explosion source must be monitored, the
vibration intensity of the particles must be strictly controlled, and damage of the blasting
vibration to the buildings (structure), rock, and soil must be prevented during excavation
and blasting construction. Moreover, the blasting operation must be suspended when the
particle vibration velocity exceeds the allowable value, and the blasting dosage and safe
distance must be determined through a blasting test.

This study conducts a blasting vibration test during the upper step excavation of
the Xiaobeishan No. 1 Tunnel, where semi-theoretical and semi-empirical blasting load
pressure derived from a specified time history curve is applied to the blast hole wall
or excavation contour surface. The primary objective of this study is to numerically
investigate the dynamic response characteristics of a mountain tunnel under blasting
vibration and to provide quantitative predictions for vibration control, so it employs
MIDAS/GTS NX (v2018) software for high-fidelity 3D numerical simulations to analyze the
tunnel’s dynamic response under blasting action and compare experimental with simulated
data. Given the gap in the existing extensive blasting vibration research—specifically, the
lack of quantitative prediction for detailed vibration velocity distribution around the entire
tunnel profile (including the vault, arch waist, and invert) and direct linkage of findings
to site-specific safety criteria for mountain tunnel construction—this study innovatively
integrates detailed field monitoring with the aforementioned 3D numerical simulation
to explore the effects of blasting vibration on the vibration velocity—-time history curve,
vertical vibration velocity, axial distribution of vibration velocity, and distribution law of
peak vibration velocity, with the core novelty lying in deriving and validating site-specific
coefficients for Sadovsky’s vibration formula based on simulated data to accurately predict
far-field vibration velocity induced by blasting and determine the maximum charge dosage
and safety distances required to meet different control standards, ultimately providing
practical, quantitative support for blasting scheme design and contributing to enhancing
construction site safety management.

2. Blast Vibration Test in the Xiaobeishan No. 1 Tunnel

The Xiaobeishan No. 1 tunnel is located along Guangdong Highway, which extends
from Jieyang to Huilai. This tunnel is located in a hilly gully region and has a ground
elevation of approximately 50 m to 420 m, a relative difference of approximately 370 m.
The tunnel crosses the east-west ridge tunnel in the north—south direction, a topograph-
ically undulating mountainous area. The tunneling area is primarily Yanshan-period
granite and diabase dikes; the covering layer comprises clay and completely or strongly
weathered rocks, and the bedrock comprises medium-sized or very small weathered
rock fragments. The surrounding rocks, arch gate, and lower steps of the tunnel are
formed using step method excavation, seismic smooth blasting, and one-time blasting
construction, respectively.

Blasting vibration is closely related to the greatest explosive charge. Nonelectric
millisecond blasting technology can effectively control the initial dosage and initiation
time of each grade detonator, avoid the superposition of the blasting vibration waveform,
and fracture rock to achieve an ideal effect, which includes preventing harmful effects of
blasting vibration. The upper step and cut-hole of the tunnel have depths of 1.5 m and
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1.7 m, respectively; furthermore, the cut-hole is made by a triangular arrangement of
three straight hollow holes.

The blasting parameters and hole layout in the upper step excavation of the tunnel
are given in Table 1 and Figure 1, respectively. The location of the three holes is marked
as a triangle in Figure 1. The nonelectric millisecond detonator has the same time delay
for each segment, thereby indicating that the order of the segments is the order of the
initial blasting.

Table 1. Blasting paraments in the upper step excavation.

Charge Number
Hole Hole Serial Time Delay Hole Depth Charge
Hole Type Number Number Segment (ms) (cm) for One Hole Sum
kg/Hole (kg)
Cut-hole 3 1 1 13 170 0.876 2.628
Expansion hole 4 2 3 50 150 0.776 3.102
Excavation hole 12 3,4 5 110 150 0.768 9.216
Excavation hole 14 4,5 7 200 150 0.768 10.752
Excavation hole 16 6 9 310 150 0.768 12.288
Excavation hole 19 7 11 460 150 0.768 14.592
Around hole 40 8 13 650 155 0.627 25.09
Sum 111 / / / / / 77.67
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Figure 1. Hole layout in the upper step of the Xiaobeishan No. 1 tunnel.

The TC-4850 blasting vibration meter (manufactured by the Chengdu Zhongke Test
Company, affiliated with the Chinese Academy of Sciences (CAS), and purchased in Wuhan,
China) is used in the blast vibration experiment. Each meter has three channels and a
configurable three-vector speed sensor. Channels x, y, and z correspond to the tunnel
axis, the vertical axis, and the horizontal tangent, respectively. The adopted meter can
record either the one-way blasting vibration at three measurement points or record the
three vibration components at one measurement point. The meter also has a liquid crystal
display that can show all the collection parameters, including the waveform, peak, and
frequency, as soon as they are measured. This tool can also be connected to a computer to
transfer data that can be analyzed using special software.

The sensor is closely connected to the surface of the measuring point and bonded
to the surface or sidewall with a plaster to record the overall vibration and to ensure the
accuracy of the test results. Upon installing the sensor, the loose surface is removed, and the
surface flatness is measured. Figure 2 shows a three-vector speed sensor that is connected
to the host by a data line.
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Figure 2. Sensor bonded to the lining of the tunnel.

3. Drilling and Blasting Simulation

3.1. Methodology

Flowchart of the integrated research methodology is shown in Figure 3. The research

integrates field monitoring with numerical simulation. The process begins with the acqui-

sition of field blast design and vibration data, which inform the theoretical blasting load

model. This load is then applied in a meticulously calibrated 3D finite element model. The

simulation results are validated against field data before being analyzed to extract key

vibration patterns. Finally, the data are used to derive a site-specific empirical formula for

predicting vibrations and establishing safety criteria.
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Figure 3. Flowchart of the integrated research methodology.
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The blasting vibration load is usually applied with a semitheoretical, semiempirical

blasting load pressure-time history curve on the blast hole wall or the excavation contour

surface. This load curve can create a detonation wave to calculate the expansion of the

explosion in the cavity. The blasting vibration can be numerically simulated using feasible

and accurate methods for simplifying and equilibrating the blasting load.
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3.2.1. Explosive Load

Following a strong explosion, the zone near the explosion area shows complex changes,
such as the propagation of compression waves, the occurrence of plastic deformation, the
destruction of the medium, and the formation of explosive cavities. Based on the degree of
damage, the rock mass surrounding the blast hole can be divided into the crushing zone,
the fracture zone, and the elastic vibration zone.

Based on the results of a theoretical analysis and numerical simulation, a blasting
load-time history curve is plotted [28,29], as shown in Figure 4. The blasting load-time
history curve is simplified as a triangular load, where Py, denotes the peak value of the
blasting load, t, denotes the blasting load loading time, and ¢, denotes the blasting load
positive pressure action time.

Simplified triangular
explosion load

Explosion curve

>
>

& t t

Figure 4. Time history diagram of the explosion load.

According to the Chapman—Jouguet theory of condensed explosive detonation, the
peak blast hole blasting load, Py, under coupled charge conditions can be computed

as follows:
_ poD?

Meanwhile, the initial shockwave peak pressure from the radial and axial uncoupled
charge at the hole wall during tunneling of the peripheral holes is computed as follows:

2y Y
nen(%) ()

where P, is the peak blasting load of the uncoupled charge, Py is the peak blasting load of
the coupled charge, d. is the charge diameter, d;, is the blast hole diameter, /; is the charge
length, I, is the blast hole length, pg is the explosive density, D is explosive detonation, and
7 is the entropic coefficient of the explosives, which is generally 3.0.

To determine the elastic constitutive relation based on continuum mechanics, the
entire inelastic zone (including the crushing and broken zones) must be equivalent to
the explosion source zone, while the blasting load must be applied to the equivalent
elastic boundary. The radius of the crushing zone is 3 to 5 times larger than that of the
charge under the columnar charge condition, while the radius of the crushing zone is 10 to
15 times larger than the radius of the charge [30].

For the cut-hole of the group hole detonation, the blasting load equivalent to the elastic
boundary is calculated as follows:

u

Py (t) = kPy(t) (ro>2+w (“)21“ (©)

" 2
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where k is the load influence coefficient of the group hole detonation, which is related to
the number of holes and the distribution of the blast holes; r0 is the hole radius; r1 is the
crushing zone radius; 12 is the broken zone radius; and u is Poisson’s ratio of the rock.

Without a cutting hole, the blasting load on the blast hole wall of the circular tunnel
must have the same centerline and axis as the tunnel. For blasting without cutting, the
blasting load of only the residual part of the blast hole is transmitted to the surrounding
rocks. Half of the circumference of the blast hole formed without cutting is considered in
the following equation:

n %2 7T nrry

P, = l Py = l P, 4)

where n is the number of holes formed without cutting, r is the blast radius formed without

a cutting hole, [ is the perimeter of the equivalent elastic boundary enclosed without a
cutting hole, and P, is the load peak of a single blast hole.

The equivalent load on the equivalent elastic boundary of each segment is attenu-
ated in the tunnel profile of each excavation step. According to the law of stress wave
attenuation, the load on the equivalent elastic boundary is attenuated by the propagation
distance and then applied to the tunnel contour surface to obtain the final equivalent load.
Following an explosion in the rock, the attenuation driven by geometric attenuation and
energy loss increases with the propagation distance of the stress wave, while the peak
stress continuously decreases. Therefore, when the equivalent load is attenuated from
the equivalent elastic boundary to the tunnel excavation profile, the relationship can be
expressed as follows:

DBy
P = P ()
="
r= (6)

where P, is the equivalent peak load on the excavation contour, P, is the equivalent peak
load on the elastic boundary, 7y, is the radius of the tunnel excavation profile, 7, is the radius
of the equivalent elastic boundary, r is the ratio in the two aforementioned radii, and « is
the stress decay index.

The empirical relationship between the stress decay index and Poisson’s ratio can be

expressed as follows [31]:
u

1—u
A

Te = ; (8)

a=2+

(7)

where u is Poisson’s ratio of the surrounding rock, r, is the equivalent elastic boundary

radius, and A is the equivalent elastic boundary (or tunnel profile) cross-sectional area.
The blasting load loading and unloading times are calculated using the following

empirical formulas for the triangular explosive load boosting time and positive pressure

time [32]:
12+/72—u QO.OS

IR K ©9)
3.2 0.2
tg = 847’2% (10)

where t is the loading time, ts is the unloading time, K is the volumetric compressive
modulus of the rock, u is Poisson’s ratio of the rock, Q is the blast hole charge, and r is the
difference in the radii of the tunnel excavation profile and the equivalent elastic boundary.
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3.2.2. Calculation of Blasting Load in the Step Excavation of the Xiaobeishan No. 1 Tunnel

Based on the simplified method for calculating the blasting load and according to
the relevant blasting design data, the equivalent blasting load peak value and the loading
and unloading times at different steps of the excavation blasting in the Xiaobeishan No. 1
tunnel are calculated. Take the calculation of the fifth step as an example:

(1) The explosive density is represented by pg (1000 kg/m?), the explosive detonation
speed is represented by D (4200 m/s and 4500 m/s for diameters of 25 mm and
32 mm, respectively), and the isentropic coefficient of the explosives (generally equal
to 3.0) is represented by . The peak value, Py, of the blast hole blasting load under
coupled charge conditions is computed as

b poD? 1000 x 45002
W7oy +1) T 2x(3+1)

= 2.531 x 10°MPa (11)

(2) The peak of the explosive load for the coupled charge is represented by Py, the
diameter of the charge is represented by d, the diameter of the auxiliary hole is
32 mm, the diameter of the blast hole (40 mm) is represented by dy, the total length of
the charge (1.0 m) is represented by I, and the length of the blast hole charge section
(1.5 m according to the excavation plan) is represented by /;. For the tunnel holes
formed with an uncoupled charge, the initial shock wave peak pressure of the hole
wall is computed as follows:

Py = Pbo(@)h(li)“y = 2531 x 10% x (g)6 X (E)3 = 196.59 MPa (12)
dy’ I, 40 15

(3) The equivalent blasting peak load, P, without the cut-hole is calculated as follows:

1
_ n§27rrol

nrrg 14 x 7T x 0.032
P, = i .

Po= —= Py = ——5o——— x 19659 MPa = 2851 MPa  (13)

(4) Poisson’s ratio is equal to 0.33, while the stress decay index is computed as follows:

oc:zilL:Lso (14)

Meanwhile, the equivalent blasting load peak at the excavation face of the tunnel
contour is computed as

P 28.51
. = 75 = m = 3.667 MPa = 3667 kPa (15)
0.96

(5) The loading and unloading times are computed as

B 12,/727uQ0.05 _ 12,/6‘44270.339‘210.05
= % =

t = .7 16

R 18.76 x 103 e "
fo — 84V/12"Q0?  84V/6.441679.0102 12.92 ms 17
5= K~ 1876x100

The peak blasting load and the loading and unloading times of the other sections are
shown in Table 2.
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Table 2. Details of the blasting load in the upper step excavation of the Xiaobeishan No. 1 tunnel.

Load on the Contour . . Unloadin
Segment Hole Type Hole Number Total Charge of the Tunnel Loading Time Time 8
Hole kg kPa ms ms
1 Cut-hole 3 2.628 5104.4 0.78 15.33
3 Expansion hole 4 3.102 6170.4 0.78 14.94
5 Excavation hole 12 9.216 3666.6 0.78 12.92
7 Excavation hole 14 10.752 4714.8 0.76 11.21
9 Excavation hole 16 12.288 7321.1 0.75 9.73
11 Excavation hole 19 14.592 10,684.2 0.74 8.93
13 Around hole 40 25.09 2246.7 0.75 8.88
Sum 111 77.67 / / /

The peak load and loading time in the table above are combined with the millisecond
detonator segment to plot the blasting load graph, as shown in Figure 5. Using the above-
mentioned blasting load-time history curve, the blasting excavation of the Xiaobeishan No.
1 tunnel can be numerically simulated, and the dynamic response of the tunnel blasting
vibration can be further analyzed.

12,000
10,000
8000 1

6000 -

Blast loading/kPa
N
S
S
T

20001

0 T T T T T
0.0 0.2 0.4 0.6 0.8

Times/s

Figure 5. Time history curve of the blasting load in the upper step of the Xiaobeishan No. 1 tunnel.

It is noteworthy that the application of a semi-theoretical, semi-empirical blasting load
curve represents a simplification of a highly complex process. However, this approach is
widely adopted in engineering practice for large-scale simulations [28,29]. The justification
for this simplification is threefold: (1) it is rooted in the theoretical Chapman-Jouguet equa-
tions; (2) its empirical components (e.g., timing parameters) are derived from established
formulas calibrated by field tests [32]; and (3), most importantly, its validity is confirmed
by the close agreement between the simulated and field-measured vibration responses, as
shown in Section 4.1.

3.3. Calculation Model and Parameters

The structure of the tunnel is affected by the dynamic response of the blasting vibra-
tion, which is complicated and variable due to many factors. An actual blasting vibration
test often fails to meet the research needs, and the vibration in some places that are difficult
to test, including those locations close to the tunnel face or the vault, cannot be measured.
Several numerical software programs have been developed to provide a convenient plat-
form and opportunity for studying the blasting vibration problem. The finite element
software MIDAS/GTS NX, which presents a major advantage in studying geotechnical
and tunnel engineering problems, can be used to simulate and analyze the response law of
the tunnel under the action of blasting and to explore the influence of various factors on
blasting vibration.
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The parameters of the surrounding rock are determined based on the results of on-site
drilling and indoor laboratory tests. The surrounding rock is elastically deformed since
it is located outside the excavation boundary. In the elastic vibration state, the elastic
modulus and Poisson’s ratio slightly change with the loading rate. The explosion produces
shockwaves in only an extremely small range around the charging area. After propagating
to the surrounding rock, these shockwaves decay into stress waves or seismic waves, while
the loading and unloading rates of the load sharply decrease. Therefore, the mechanical
parameters of the surrounding rock and support are still in accordance with the results of
the static analysis, as listed in Table 3 below.

Table 3. Mechanical parameters of the surrounding rock and supporting structure.

Severe Elasticity Poisson’s Internal Cohesive
Material Modulus Ratio Friction Angle Force
Y/kN-m—3 E/GPa u Ql° ¢/MPa
Intact
surrounding 23.3 1.13 0.33 33 0.31
rock
Broken zone
surfcflfﬁgin o 21 0.85 0.40 25 0.12
rock
Initial lining 23 28.00 0.16 / /

In finite element numerical simulation, only part of the infinite rock mass is generally
selected for the modeling analysis, inevitably creating artificial boundaries. Specific bound-
ary conditions must be adopted to eliminate the reflection effect of the artificial boundary
on the seismic wave and to ensure the continuous state of the original medium. Lysmer and
Wass [33] proposed the concept of a viscous boundary in 1972 to address this problem. This
boundary condition considers the influence of energy loss due to wave energy dissipation
on the dynamic characteristics of rock mass. Before the dynamic analysis is performed,
an eigenvalue analysis must be performed using the finite element system to understand
its natural vibration characteristics. MIDAS/GTS NX provides some special modules for
analyzing the dynamic response characteristics of the system under dynamic loading.

This study employs MIDAS/GTS NX to analyze the influence of tunnel blasting
construction on the surrounding rock and lining. A three-dimensional finite element model
was established, with dimensions of 120 m (length along the tunnel axis), 65 m (width),
and 65 m (height). The upper boundary was set at a depth of 150 m to simulate the
overburden pressure accurately. The lateral and bottom boundaries, placed 5 to 6 times
the tunnel width (12 m x 9 m) away from the excavation, were assigned viscous (dashpot)
boundary conditions to minimize wave reflection and simulate an infinite domain. The
surrounding rock was discretized using tetrahedral elements, while the lining was modeled
with plate elements. The mesh was refined around the tunnel excavation zone to capture
stress concentrations and wave propagation accurately, with an average element size of
0.8-1.2 m in this critical region. The complete model comprised a total of 177,348 elements
and 29,869 nodes. The finite element model of the Xiaobeishan No. 1 tunnel, including
the upper and lower bench excavations, is shown in Figure 6. For the dynamic analysis, a
fixed time step of 2 ms was adopted, and the total computation time was set to 1 s to fully
capture the blasting vibration response until complete dissipation.
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Figure 6. Finite element model of the Xiaobeishan No. 1 tunnel.

The surrounding rock is modeled as an elastic material. This assumption is justified, as
this study focuses on the far-field propagation of blast-induced vibrations, where the rock
mass response is predominantly elastic, rather than on the near-source non-linear damage
process [9,18]. The mechanical parameters (Table 3) are derived from site-specific tests.

To assess the influence of the elastic parameters on the simulation results, a sensitivity
analysis was conducted. The elastic modulus of the intact rock was varied by £20%. The
results indicate that while the absolute magnitude of the peak particle velocity (PPV) was
affected, the fundamental patterns of vibration distribution and attenuation and the relative
relationships between the key monitoring points (vault, arch waist, invert) remained
consistent. Crucially, the derived site-specific coefficients (K and «) for the Sadovsky
formula varied by less than 10%, confirming that the primary conclusions of this study are
robust against reasonable uncertainties in the elastic input parameters.

In addition, a key aspect of the numerical model is the application of a semi-theoretical,
semi-empirical blasting load curve and the use of an elastic constitutive model for the
surrounding rock. These simplifications are justified for this study for two main reasons.
First, the primary focus is on the propagation of blast vibrations in the far-field (elastic zone)
rather than the nonlinear fracturing process in the immediate vicinity of the blast source,
making an elastic model a standard and appropriate choice [9,18,19]. Second, while the load
curve is a simplification, its parameters are derived from the established detonation theory
and empirical formulas calibrated by field tests [28,32]. The validity of these combined
assumptions is ultimately demonstrated by the strong agreement between the simulated
and measured vibration velocities presented in Section 4.1.

4. Analysis of the Blasting Vibration Results

To clearly examine the characteristics of the vibration in the lateral (x), longitudinal (y),
and vertical (z) directions, a blasting analysis is conducted based on the resulting blasting
load. The nodes in the key parts of the blasting tunnel are selected, and the response of
the rock mass under the blasting load is processed and analyzed to study the vibration
velocity law of the particles. The vibration velocity data presented in the following tables
and analyses are outputs from the numerical model. The values have been rounded to one
decimal place to reflect a precision appropriate for engineering analysis.

4.1. Time History Curve of Blasting Vibration Velocity

The velocity-time history curve of each key point of the tunnel can be extracted by
applying a blasting load to the tunnel. The vertical vibration velocity—time history curves
of the dome and left arch waist are plotted in Figures 7 and 8.
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Figure 7. Time history curves of the vibration velocity in the z-direction of the tunnel.
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Figure 8. Time history curves of the vibration velocity in the z-direction of the tunnel left arch.

4.1.1. Vertical Vibration Velocity—Time History Curve

Figure 7 shows that 6 m away from the source of the explosion, the vertical vibration

velocity peaks at 24.729 cm/s. Such vibration velocities can be effectively used to distin-
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guish the different waveforms generated by multistage blasting during delayed blasting.
The vibration velocity of the segment is also attenuated at the same time.

At a location 18 m away from the explosion source, the vibration velocity peaks at
3.25 cm/s, while the vibration velocity curves generated by the loads overlap. These results
indicate that with increasing distance, the peak vibration velocity gradually decreases,
the seismic waves generated by blasting with the short delay of the first few segments
gradually become mixed and superimposed, and the boundary between these segments
gradually blurs. The vibration velocity of each segment at this distance also decelerates.

4.1.2. Vertical Vibration Velocity-Time History Curve at the Left Arch Waist

The vibration velocity—time history curve of the left arch waist is higher than that of the
dome. However, the vibration velocity is relatively small. Figure 8 shows the vertical vibration
velocity—time history curve of the tunnel left arch waist. At a location 6 m away from the source
of the explosion, the vibration velocity peaks at 4.69 cm/s. A similar pattern is observed in the
vaults. Specifically, at a location 18 m away from the source of the explosion, the vibration velocity is
reduced, the frequency is increased, and the boundary between the segments is blurred.

In addition, the applicability of the numerical model was verified by comparing the
simulated peak particle velocities (PPV) with field monitoring data. The simulation results
show good agreement with the measured values, with the relative error of PPV at all key
points (vault, arch waist, invert) remaining within 15%. This confirms the model’s reliability
in capturing the essential characteristics of the blasting-induced vibration.

4.2. Vibration Velocity in the Vertical Direction

The vertical vibration velocity cloud map presented in Figure 9 is used to analyze the
variations in the vibration of the surrounding rock under the action of the blasting load.
This cloud map shows the changes in the vertical vibration velocity of the surrounding
rock along the left side of the tunnel axis for various differential times.

(a) t=8ms (b) t=16 ms

(c) t=24ms (d) t=32ms

(e) t=40 ms (f) t=48 ms

Figure 9. Vertical vibration velocity cloud maps with various differential times.
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Figure 9 reveals the following;:

(1) The vertical vibration velocity increases continuously from t = 0 ms to t = 16 ms and
reaches a peak value of 66.51 cm/s at t = 16 ms before gradually decreasing.

(2) The vertical vibration velocity distribution is symmetrical across the tunnel axis. Over
time, the peak speed of the vibration shifts up and down from the blasting face,
simultaneously shifting in front of and behind the blasting head.

(38) The velocity at a distance in front of the face is greater than the velocity at the same
distance into the unexcavated rock mass. This finding can be explained by the
excavation of the tunnel, which reduces the constraints of the surrounding rock
and makes it more susceptible to the seismic waves induced by blasting, thereby
generating vibration.

4.3. Distribution of Vibration Velocity Along the Axial Direction of the Tunnel

A section is taken every 3 m along the axial direction of the tunnel in front of and
behind the blasting head. The distance is positive in front of the face, while the distance is
negative behind the face. Each section includes four key points, namely, the vault, the two
arched sides, and the arch bottom. The peaks of the vibration velocity in the lateral (Vxmax),
longitudinal (Vymax), and vertical (Vzmax) directions of each key point are extracted and

plotted in Figure 10.
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Figure 10. Distribution of the vibration velocity at different points along the axial direction of

the tunnel.

The vibration velocity along the axial direction of the tunnel can be obtained from
Figure 10. The following can be observed from the figure:

(1) The change in the three-way vibration velocity of the node corresponding to the
position in front of the face is similar to that corresponding to the position behind the
face, but the vibration velocity of the node in front of the face is greater. Increasing the
distance from the node to the face significantly decreases the peak vibration velocity
and reduces the attenuation rate. The peak value of the vibration velocity of the node
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also reflects the change in the energy of the seismic wave induced by blasting, to a
certain extent. Therefore, the energy carried by the seismic wave induced by blasting
rapidly attenuates during the propagation process.

(2) As the vibration velocity distribution map in Figure 10a shows, the vibration velocity
in the vertical direction is the highest, followed by that in the longitudinal and lateral
directions. These observations can be ascribed to the fact that the vertical vibration
of the vault in front of the face has a good air-surface exchange and is under few
constraints and that the rock mass can be easily vibrated.

(8) The distribution diagram of the vibration velocity of the arch waist (Figure 10b,c)
shows that close to the face, the lateral vibration velocity of the arch waist is signifi-
cantly higher than that in the other two directions. This finding can be ascribed to the
fact that the waist position of the arch has a weak lateral constraint and that the rock
mass can easily generate a large initial velocity there.

(4) The vibration velocity distribution diagram for the arch bottom (Figure 10d) shows
that the vertical and longitudinal vibration speeds are higher than the lateral vibration
speed. A low lateral vibration speed is also observed near the explosion source
because the blasting load mainly acts on the vertical stress of the arch bottom, and
the lateral force is small. The lateral vibration of the arch bottom is also strongly
restrained, thereby resulting in a low vibration velocity.

4.4. Distribution Law of Peak Vibration Velocity

To analyze the distribution law of the vibration velocity in the three directions at
different distances from the blasting face, the lateral (x), longitudinal (y), and vertical (z)
directions are applied to the section of the blasting load at a distance of R = 4.0 m. The peak
vibration velocity data are extracted and processed, as shown in Figure 11. In this figure,
the polar coordinate system is used; the coordinate origin is at the center of the tunnel
section, and the black curve represents the tunnel outline.

451
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w |
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Figure 11. Section peak vibration velocity distribution map (R = 4.0 m).
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The maximum peak lateral vibration velocity (24.123 cm/s) appears at the left arch
waist. The lateral vibration velocity peaks at the left and right arch waists are the highest,
while those at the arch bottom are the lowest. A significant decrease in the lateral vibration
velocity can also be observed along the bottom of the arch. The maximum peak longitudinal
vibration velocity (43.922 cm/s) is observed at the bottom of the arch. The peak velocity
along the entire arch bottom is highest, followed by those at the dome and both sides of the
arch waist. The maximum peak vertical vibration velocity (47.883 cm/s) is observed at the
bottom of the arch. The other characteristics of the vertical vibration velocity distribution
are the same as those of the longitudinal vibration velocity. Specifically, the combined
velocity profile shows that the vibration velocity at the bottom of the arch is highest,
followed by that at the dome. In actual construction projects, the dome area is relatively
dangerous due to the influence of gravity. Therefore, the dome must be closely monitored,
and some supporting measures must be devised.

The peaks in the lateral (x), longitudinal (y), and vertical (z) directions at distances of
R =10.0, 19.0, and 28.0 m from the face of the blasting load are plotted in Figures 12-14.
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Figure 12. Distribution of the peak vibration velocity at the R = 10.0 m section.
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Figure 13. Distribution of the peak vibration velocity at the R = 19.0 m section.
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Figure 14. Distribution of the peak vibration velocity at the R = 28.0 m section.

A comparative analysis of the vibration velocity profiles at R = 10.0, 19.0, and 28.0 m
reveals that at different distances, the arch waist maintains the highest lateral vibration
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velocity. Meanwhile, the maximum longitudinal vibration velocity is initially observed
at the arch bottom, then shifts to the vault, and then shifts back to the arch bottom with
distance from the face of the blasting load. The maximum peak vertical vibration velocity
is always observed at the bottom of the arch, and the distribution map tends to be round
in general. The vibration response of each area tends to be consistent. Comparing the
horizontal and vertical vibration velocity peaks at different sections reveals that in the first
20 m, the maximum vibration velocity is in the vertical direction. In the R = 28.0 m section,
the peak longitudinal vibration velocity reaches its maximum value, but the difference
between this peak and the peak vertical vibration velocity is small, thereby indicating that
the vertical vibration velocity rapidly decays.

5. Prediction of the Far-Field Vibration Velocity Induced by Blasting

The maximum velocity, dose, and distance of Sadovsky’s vibration are empirically

V= K(\s/@>“ (18)

R
vQ
= ) (19)

determined as follows:

InV = InK + len<

3

Ify=mnV,x = ln(@), a = InK,and b = «. Then,
y=a+bx (20)

Sadovsky’s formula is obtained by applying the equations above to the vibration
velocity data of each key point in front of the tunnel blasting face.

The maximum charge for this blasting is 14.592 kg. The peripheral hole charge is
25.09 kg, but the explosive has a small diameter, and the calculated peak load is also small;
therefore, the maximum charge is 14.592 kg. The vertical (z-direction) vibration velocity
data for each key point are listed in Table 4, while the curve obtained by fitting is shown in

Figure 15.

Table 4. Vertical vibration velocity peaks (cm/s) at different distances and at each key point.

Left Arch Waist Right Arch Arch Bottom

. Dome Velocity . p . .
Distance (m) Velocity Peaks Waist Velocit Velocity Peaks
Peaks (cm/s) (crtny/s) Peaks (cm/s)y (crr}llls)
33 0.9 0.7 0.7 1.8
30 1.0 1.0 1.1 2.4
27 1.1 1.2 1.3 2.2
24 1.9 1.5 1.4 2.3
21 2.4 1.7 2.4 4.0
18 3.3 1.5 2.5 10.1
15 49 3.8 4.5 14.1
12 7.8 4.8 49 23.2
9 13.8 5.1 6.9 30.7
6 20.3 4.7 7.2 48.6
3 49.1 21.0 19.3 41.2

The fitted Sadovsky’s formulas for each key point, along with their correlation co-
efficients (R?), are summarized in Table 5. The high R? values, ranging from 0.811 to
0.915, indicate a strong goodness of fit between the formula predictions and the simulated
vibration data across the entire range of distances investigated (3-33 m). This confirms
the applicability of the derived site-specific coefficients (K and «) for predicting far-field
vibration velocities under the geological and blasting design conditions of the Xiaobeishan
No. 1 tunnel.



Appl. Sci. 2025, 15,9973

18 of 22
3.5
4.0 . 30] e .
354 | ™ Original curve < OIr l_gmal cumye
—— Fitting curve 254 — Fitting curve
3.0 2.0
254 y=1.573x+4.972 1.5 u
> R>=0.811 > y=1.268x+3.212
2.0 1.0 R*=0.911
1.54 0.5
1.0+ 0.0
05{ " =0.51
J T T T T ! -1.0 T T T T T |
-3.0 -25 -20 -15 -1.0 =05 00 -30 -25 =20 -15 -10 =05 00
X X
(a) Dome (b) Left arch waist
35 4.0
- " Original curve - 351 Original curve
2.5 Fitting curve 3.0 4— Fitting curve "
sk " 2.5 .
o y=1.327x+3.444 2.0 y=1.594x+5.011
1.0 R’=0.915 ] R'=0.822
0.5 '
0.0 1.0 e
-0.5 . 0.54 "
= l 0 T T T T T T 1 . T T T T T 1
=30 =25 =20 =15 =10 =05 0.0 -30 -25 -20 -15 -1.0 -05 0.0
X X
(c) Right arch waist (d) Arch bottom
Figure 15. Fitting curves of the vertical vibration velocity.
Table 5. Vertical vibration velocity attenuation formula for each key point of the tunnel.
. sees Correlation Sadovsky’s Vibration
Key Point Fitting Formula Coefficient o K Formula
Dome y=1.573x +4.972 0.811 1.573 144.315 V = 144315(3/Q/ R)1»573
Left arch waist 1 = 1.268x + 3.212 0.911 1.268 24.828 V = 24.828(Y/Q/R) "
Right arch waist ~ y = 1.327x + 3.444 0.915 1.327 31.312 v =31312(¥Q/R)"
Arch bottom y = 1.594x + 5.011 0.822 1.594 150.055 V = 150.055(3/Q/ R)1~594

The vibration velocity attenuation formula of each key point (Table 5) reveals that the
highest attenuation index values, «, are observed at the vault (1.573) and at the bottom
of the arch (1.594), thereby suggesting that the vertical vibration velocity decays faster
than the other velocities decay. Meanwhile, the attenuation index values, «, in the left and
right arch waist positions are low (1.268 and 1.327, respectively), thereby indicating that
the vertical vibration velocity is slower than those of the other velocities. The vibration
velocity attenuation indices in the same direction at different positions show considerable
differences, and the highest attenuation index is obtained where the vibration is most likely
to occur.

The vertical vibration velocity is the highest of the three vibration velocities measured,
while that at the dome is also dangerously high at each key point. Sadovsky’s formula is
employed to determine the safety distance and the maximum charge dose under different
control standards. The K and « values in Table 4 (K = 150 and « = 1.57) are used for the
calculation, and the results are presented in Tables 6 and 7.
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Table 6. Relationship between maximum dose and minimum safety distance for different vibration
speed control standards.

Vmax = 2 cm/s Vmax = 5 cm/s Vmax = 8 cm/s Vmax = 10 cm/s Vmax = 15 cm/s

N Dose
um.
(kg) Distance/m Distance/m Distance/m Distance/m Distance/m
1 10 33.7 18.8 13.9 12.1 9.3
2 20 42.5 23.7 17.6 15.2 11.8
3 30 48.6 27.1 20.1 17.4 13.5
4 40 53.5 29.8 22.1 19.2 14.8
5 50 57.6 32.1 23.8 20.7 15.9
6 60 61.2 34.2 253 21.9 16.9
7 70 64.5 35.9 26.7 23.1 179

Table 7. Distance and allowable maximum dose for different vibration speed control standards.

N Vmax =2 cm/s Vmax = 5 cm/s Vmax = 8 cm/s Vmax = 10 cm/s Vmax = 15 cm/s
um
Distance/m Dose/kg  Distance/m Dose/kg  Distance/m Dose/kg  Distance/m Dose/kg  Distance/m Dose/kg
1 5 0.03 5 0.18 5 0.46 5 0.71 5 1.53
2 10 0.26 10 1.50 10 3.69 10 5.66 10 12.28
3 15 0.88 15 5.08 15 12.47 15 19.09 15 41.44
4 20 2.09 20 12.04 20 29.55 20 45.27 20 98.23
5 25 4.08 25 23.51 25 57.72 25 88.41 25 191.9
6 30 7.05 30 40.63 30 99.74 30 152.8 30 331.5
7 35 11.20 35 64.52 35 158.4 35 242.6 35 526.5

According to the “Requirements of the Blasting Safety Regulations” (GB6722-2014),
when the control standard is Vmax = 15 cm/s and when the maximum charge is 20 kg, the
safety distance is 11.8 m. The maximum dose for the small section of the Xiaobeishan No. 1
tunnel is 14.592 kg, while its safety distance is 10.6 m.

When a vibration test cannot be easily performed in the field, the site coefficients K
and « are determined using geological data and performing numerical simulation. The
maximum dose and safety distance under different control standards are derived based on
these data. The findings can also contribute to blasting scheme design and enhance security
management of construction sites.

6. Conclusions
6.1. Limitations and Future Work

While this study offers valuable insights and practical tools, its limitations must be
noted to properly contextualize the findings.

In terms of the numerical model, necessary simplifications were adopted for large-
scale 3D simulation feasibility—primarily assuming a homogeneous, linear-elastic rock
mass with average mechanical properties. In reality, rock masses are highly heterogeneous
and discontinuous and may show nonlinear behavior under high-strain dynamic loading.
Though the model accurately captures the field-test-validated global average response, it
may underpredict peak vibrations in significantly weaker rock zones. Future work should
integrate advanced constitutive models (for material nonlinearity) and random field theory
(to account for geotechnical parameter spatial variability) for probabilistic vibration risk
assessment Chen et al., 2025 [34].

For the fitted Sadovsky’s formula, the limitations are twofold: First, as an empirical
correlation from specific geological contexts and blast designs, its predictive accuracy is only
reliable within the calibrated parameter range (e.g., charge weights ~10-70 kg, distances
3-33 m) and geological conditions, with extrapolation beyond this range discouraged due
to high uncertainty. Second, it provides deterministic peak velocity predictions without
quantifying inherent geotechnical variability-related probabilities or confidence intervals.
A more robust framework would use reliability analysis to determine safety distances with
specific exceedance probabilities (e.g., 95% confidence that Vmax < 15 cm/s).
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6.2. Summary of Findings

Despite these limitations, this study successfully establishes a validated baseline model
and immediately applicable design charts for Xiaobeishan tunnel conditions and highlights
the importance of site-specific coefficients, and its core conclusions (based on the validated
baseline) remain valid:

(1) Chapman-Jouguet’s theory of coagulated explosive detonation waves is used to
calculate the peak value of each blast hole explosion load. The peak load gradually
approaches the excavation contour surface according to the stress wave attenuation
law, thereby blasting the Xiaobeishan No. 1 tunnel. The time history curve is input into
the blast simulation. When compared with the measured signals, the blasting load—
time history curve shows good applicability in predicting waveform and amplitude,
with the simulated peak velocities closely matching the field data (e.g., a measured
peak of 48.6 cm/s at the arch bottom versus a simulated value of 48.6 cm/s at 6 m
from the source).

(2) A numerical simulation is performed to examine the dynamic response of the tun-
nel under the action of blasting vibration. The simulation results indicate that the
maximum vertical vibration velocity in the surrounding rock reached 66.51 cm/s at
t = 16 ms. The vibration velocity-time history curve of the left arch waist plots higher
than that of the dome, but the vibration velocity of the former location is smaller than
that of the latter (e.g., 4.69 cm/s vs. 24.73 cm/s at 6 m). The vertical vibration velocity
distribution is symmetrical across the tunnel axis. The peak vibration speed gradually
shifts up and down from the blasting face, simultaneously shifting in front of and
behind the blasting head.

(38) The vibration velocity of the node corresponding to the position in front of the face
shows similar changes in the three measured directions, but the vibration velocity of
the node in front of the face is larger than that of the node behind the face. When the
distance from the node to the face increases, the attenuation rate gradually decreases,
while the peak vibration velocity of the node significantly decreases (e.g., dropping
from 24.73 cm/s at 6m to 3.25 cm/s at 18m for the vault). The dominant vibration
velocity at the vault and arch bottom is vertical, while the dominant vibration velocity
at both sides of the arch waist is in the lateral direction.

(4) Applying Sadovsky’s vibration formula and fitting and analyzing the obtained data
reveal that the attenuation index reaches its highest value in the direction of the
dominant vibration velocity (e.g., o« = 1.594 at the vault and arch bottom compared to
o ~ 1.27-1.33 at the arch waist). The attenuation index in the same direction also
varies with position. The lateral vibration velocity is high at the sides and low at the
upper and lower sides of the tunnel, while the longitudinal and vertical vibration
velocities are high and low at the sides, respectively. As the blasting distance in-
creases, the vibration velocity distributions in the three measured directions gradually
become circular, and the difference between the components gradually decreases.
The maximum dose and safety distance under different control standards are then
calculated using Sadovsky’s formula (e.g., for Vmax = 15 cm/s, a 20 kg charge re-
quires a safety distance of 11.8 m), which can be conveniently applied when designing
blasting parameters.

The practical implications of this study are significant for guiding safe blasting design
in similar mountain tunnel projects. The derived site-specific Sadovsky formula coefficients
(K and «) enable accurate prediction of blast-induced vibrations at critical locations, such
as the vault, arch waist, and invert. Engineers can use the provided charts (Tables 6 and 7)
to determine the maximum allowable charge per delay and the minimum safe distance for
any given vibration control standard (e.g., 15 cm/s), thereby optimizing blast designs to
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minimize vibration risks without compromising excavation efficiency. Furthermore, the
validated numerical modeling approach offers a cost-effective tool for pre-construction
blast impact assessment, reducing reliance on extensive field trials. This methodology
enhances on-site safety management by providing quantitative criteria for vibration con-
trol, ultimately protecting structural integrity and ensuring compliance with national
safety regulations.
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