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Abstract. The dynamic response characteristics of the tunnel and the stability of the surrounding
rock are crucial to its safety of the tunnel. Combining the numerical simulation software and field
measurement results, the change of peak particle vibration (PPV) and stress were analyzed, based
on the longitudinal wave data from the acoustic tests, the blasting damage effects under the action
of different blasting counts, including different locations in the deep part of the surrounding rock,
were investigated. The results show that: (1) in the vertical direction of the tunnel, the PPV of the
tunnel floor and tunnel sidewall is larger, the PPV of the tunnel top is the second, and the tunnel
arch shoulder and arch foot is the smallest; (2) under the action of blasting, the stress concentration
at the tunnel bottom and arch foot is easier, and the stress monitoring should be strengthened;
(3) The depth of damage at different distances was 1.5 m and 3.0 m, respectively, and the depth
of damage to the surrounding rock increased from 2.5 m to 4.0 m when the number of blasts was
10 and the number of blasts was 10.

Keywords: blast vibration, numerical simulation, shock wave, acoustic velocity, cumulative
damage.

1. Introduction

With the continuous emergence of railroad tunnel construction, long tunnels and deep buried
tunnels in soft rock are common. The construction excavation method of the tunnel will affect the
safety and stability of the tunnel [1-3]. And when the tunnel crosses a high-ground stress soft rock
area, it is critical to control the blasting vibration to disturb the tunnel structure itself as well as
the existing lining damage [4-5], it is of great theoretical value to study tunnel damage and
dynamic characteristics.

At present, national and international research scholars have mostly used numerical
simulation, theoretical analysis, engineering measurement, and other comprehensive research
approaches to study the stability of the tunnel surrounding rock at different levels and angles [6-7].
For example, Fahiminia et al. used the finite element method to study the vibration response of
tunnels under the influence of different hollowing methods in large-section tunnels, and the
optimized cavity-making method obtained from the experiment has a better field control effect on
the construction process and construction cost [8]. However, as the level of the surrounding rock
decreases, the ground stress gradually increases and the effect of the tunneling method on the
stability of the surrounding rock gradually decreases, while the choice of excavation method and
support technology gradually becomes another key factor for the safety and stability of the tunnel.
Also, the means of evaluating the safety and stability of integrated and comprehensive tunnels has
a significant impact on the choice of tunnel excavation method optimization [9]. For example,
Cardoso S et al. used the maximum vibration velocity of the mass in the tunnel as an important
index for the evaluation of tunnel stability [10]. However, for tunnel safety as the tunnel mass
explosion vibration velocity evaluation index, many scholars also divided the explosion vibration
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velocity into amplitude, frequency, and wavelength, and then based on the Fourier transform
principle and stress wave basis and other theories, an evaluation index that can reflect the safety
and stability of tunnel was established. There are three main types of these evaluation metrics that
take into account the mass vibration velocity threshold. (1) In 2014, the frequency control criteria
corresponding to the relationship between the vibration frequency of the mass in the tunnel and
the self-oscillation frequency of the tunnel itself and the lining structure based on the
Hilbert-Huang transform (Hilbert-Huang) and other theories were studied [11]. (2) In 2019 and
2020, according to the strength criterion of concrete and the relevant specification standard, the
safe vibration velocity control standard corresponding to the frequency and buried depth terrain is
established [12-17]. (3) In 2021, based on the propagation of one-dimensional elastic-plastic stress
waves in one-dimensional joints in stress-wave theory, a stress-vibration velocity correspondence
curve is established, and stress control criteria were established in conjunction with the rock-
yielding criterion [18].

Existing studies only analyzed the effect of vibration velocity on the stability of the tunnel
surrounding rock at different locations of the tunnel, but only the safety and stability of the tunnel
lining surface were considered, and the damage inside the surrounding rock near the palm face
was not considered [19]. Diaz-Alban Jet et al. modified the vibration velocity-pressure equation
by combining actual engineering examples, but mainly studied the effect of the lining structure
and ignored the damage study of the surrounding rock in the near zone of the palm face [20]. In
contrast, in this study, numerical simulation software data and field measurement data are
combined to study in depth the change law of velocity and stress of the surrounding rock in the
near zone of blasting and the far zone of blasting, and the dynamic response characteristics of the
tunnel are evaluated from two perspectives of deformation and stress, and the damage
characteristics of the tunnel in different dimensions are comprehensively compared and analyzed
with the field test data.

Therefore, based on the above discussion, this paper combines numerical simulation and field
measurement data, the concept of tunnel damage depth was introduced to study the vibration
response characteristics of the surrounding rock at different annular locations of the tunnel. At the
same time, the damage range of the tunnel surrounding rock under blasting vibration load was
analyzed, and the blasting vibration control of the surrounding rock was studied to provide
research for similar engineering backgrounds.

2. Engineering background

The project is located in Yuxi Township, Songyang County, Lishui City, Zhejiang Province,
the cave section is located in Mudai Hang Village, Yuxi Township, Songyang County, and the
section out of the cave is located in Mudai Hang Village, Yuxi Township, Songyang County. The
tunnel with envelope level IV is blasted by the full section blasting method. The explosive used is
a stone powder emulsion explosive, and the perimeter eye used is @25 light explosive. The
detonator used is a half-second detonator. The blast holes layout is shown in Fig. 1.

Table 1. Calculated parameters related to the numerical model

Material | Density / h/llodqlgs of Poisson’s |Cohesion /| Friction Tensﬂ}? Bullk Shelar
arameters | kg/m® | © asticity / | " MPa | angle /° strength / | modulus / | modulus /

P GPa MPa GPa GPa

Clay 1230 1.4 0.12 0.03 15 — 0.36 0.032

Weatﬁggﬁ w1560 45 02 0.12 32 0.23 1.26 2.422

Wg‘:g:::;egff 1630 54 0.22 0.13 35 0.25 1.36 3.022

Ansan Rock | 2000 6.1 0.24 0.22 38 0.4 1.62 3.765

The parameter selection of simulation conditions can directly affect the simulation results.
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According to the results of the tunnel engineering geological survey, based on the rock mechanics
tests in the test chamber, the results of the test data were selected as the physical and mechanical
parameters of the tunnel envelope structure, as shown in Table 1.

[ XeX X
30 O 010 @3
e0e@

@4

Fig. 1. Layout of blast holes in the tunnel (unit: cm): number named 1, 2, 3, 4, 5,6, 7, 8
represents the number of detonator segments

3. Modeling of numerical simulation
3.1. Equivalent pressure load at the edge of the hollowing hole

In this paper, a triangular load is applied vertically to the edge of the excavation area of the
numerical model, and the peak stress can be calculated according to the empirical Eq. (1):

P, = 139.97/Z + 884.81/22 + 2.154/Z3 + 0.8034, (1)
R
Z = m, (2)

where Z is the proportional distance; R is the distance from the blast center to the load surface;
and @ is the maximum explosive quantity at a single end. The amount of large section charge can
be estimated using Sadovsky’s formula [21]:

B/a)

where: R is the distance from the measurement point to the burst center; K, for the blasting
conditions, is rock properties and other related coefficients; Vj,, is for the medium mass of the
control vibration velocity. The tunnel excavation section triangle load schematic diagram is shown
in Fig. 2.

3.2. Numerical calculation model

Using the dynamic finite element model, combined with the actual engineering background
and St. Venant’s principle, 3-5 times the tunnel radius is selected as the plastic deformation
boundary of the numerical model, so the calculation model size is 35 mx40 mx50 m (X x Y x Z),
as shown in Fig. 3. To avoid the influence of reflected waves caused by artificial boundaries on
the calculation results, the symmetry plane was set as a symmetric boundary and the driving plane
was set as a free boundary, and the other surfaces were set as non-reflective boundaries. The
fluid-structure coupling algorithm was used in the calculation. An 8-node solid element named
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SOLID164 was used to divide the material into the Lagrangian mesh, and the unit of calculation
was cm-g-pus. According to Blair (1985) [22], 6-12 elements per wavelength were required to
avoid any wave distortion, and the size of the model grid was set to vary from 5 to 10 cm.
Surrounding rock adopted the MAT PLASTIC KINEMATIC material model, which considered
the elastoplastic properties of rock medium materials and was able to describe the hardening effect
(follow-up hardening and isotropic hardening) and the strain rate change effect of the material.
Isotropic or follow-up hardening was selected by adjusting the hardening parameter 8 between 0
(follow-up hardening only) and 1 (isotropic hardening only). The strain rate is considered by the
Cowper-Symonds model, and the yield stress is expressed by the factors related to the strain rate:

SHp
oy =|14(5) " | @+ prei, @
_BuanF
Fr = E— Etan' ©)

where: gy, is the initial yield stress; € is the strain rate; ¢ and p are the Cowper-Symonds strain rate
parameter, which is determined by the material strain rate. E,, is the plastic hardening modulus;

Etqn is the shear modulus; S is the hardening parameter, 0 < § < 1; szf T is the effective plastic
strain. The physical and mechanical parameters of the surrounding rock are shown in Table 2.
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Fig. 2. Triangle blast load for numerical simulation
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Fig. 3. Schematic diagram of the numerical model: a) overall model; b) elastic equivalent boundary

Five monitoring points were selected in front of the actual tunnel palm face in the field and
their PPV was compared with the PPV obtained within the numerical model, and the test results
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are shown in Table 3 and Fig. 4, in which the monitoring photos in Fig. 4(b) were taken by the
author inside the blast tunnel at Yuxi Township. From Fig. 4, it can be concluded that the changing
trend of numerical simulation and field measurement is similar, and the error difference is not
large, the maximum error rate does not exceed 6 %, so the model obtained from numerical
simulation can be used as a study of blasting damage effect in this paper.

Table 2. The physical and mechanical parameters of rock

Density / Poisson’s Modulus of elasticity / Yield strength / Shear modulus /
(g/cm®) ratio GPa MPa GPa
2.70 0.2 45 100 18
Table 3. Comparison of field-measured data and numerical simulation
. X direction / Y direction / Z direction /
Number| Distance from
of |the burst center— (cm/s) : Error / : (cm/s) : Error / : (cm/s) : Error
points / (m) Field |Numerical| % Field |Numerical| % Field |Numerical| /%
test |simulation test |simulation test |simulation
1# 15.00 4.03 4.04 -0.37 | 2.84 2.93 -3.17 | 4.18 440 |-5.39
24 15.60 3.97 4.12 -3.78 | 2.72 2.77 -1.65| 4.09 418 |-2.20
3# 18.00 3.53 3.62 -2.55| 2.53 2.59 -2.38| 3.73 3.77 |-1.21
4# 19.50 343 3.47 -1.31| 2.39 2.53 -5.65| 3.49 3,58 |-2.58
S# 24.00 3.20 3.02 5.63 | 2.32 2.38 -2.59 | 3.34 3.52 |-5.40

(3)48—

Z direction
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= Data obtained by numerical simulation
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Fig. 4. Comparison of measured and numerical simulation of vibration velocity: a) PPV; b) test setup
4. Analysis of numerical simulation data and field measurement data
4.1. Changes of PPV at different locations of tunnel excavation section

The seismic waves generated by blasting propagate from far and near, and gradually transform
from body waves to surface waves. To understand the PPV changes of the tunnel caused by
blasting seismic waves at different tunnel sections, the PPV distribution patterns of tunnel profiles
at distances of 1 m, 5 m, and 15 m from the chapter surface were selected, as shown in Fig. 5.

As can be seen from the propagation law of rock mass in the X direction of the tunnel in
Fig. 5(a), the PPV of surrounding rock is small at the top and spandrel of the tunnel, while that of
surrounding rock at the bottom and bottom of the tunnel is large. This is because the structure of
the tunnel is an oval structure, which is easy to appear stresses concentration at the arch foot of
the tunnel, resulting in excessive stress at the arch foot. According to the stress wave theory, the
vibration velocity peak at the foot of the tunnel arch is larger, because the stress at the foot of the
arch is larger, which leads to a larger wave impedance. At the same time, due to the high ground
stress in the bottom slab, blasting excavation leads to the redistribution of the overall stress in the
tunnel, and unloading and rebound occur simultaneously. Meanwhile, the stress wave propagation
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is amplified to some extent, so the PPV of the surrounding rock is larger.

From Fig. 5(b), it can be seen that the PPV of the tunnel floor and tunnel sidewalls is larger,
the PPV of the tunnel top is the second largest, and the PPV of the tunnel shoulder and arch foot
is the smallest, which indicates that in the vertical direction of the tunnel, the excavation of the
trenching area of the tunnel has led to the emergence of a critical surface in the tunnel, providing
conditions for further deformation of the tunnel. Meanwhile, the vertical vibration in the tunnel
corresponds to the transverse waves in tunnel blasting seismic waves, i.e., SH and SV waves, and
the transverse waves are highly reflective and refractive at the interface between the free surface
and the rock bulkhead, resulting in higher vibration velocities in the vertical direction at the top,
side walls and floor of the tunnel near the tunnel blasting area. However, the PPV caused by the
stress wave is smaller at the arch foot and arch shoulder due to the existence of the stress
concentration phenomenon and special part structure.

90 90
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Fig. 5. Distribution of peak vibration velocity in tunnel excavation section:
a) X direction; b) Y direction; c¢) Z direction

4.2. Stress distribution of tunnel excavation section

The maximum shear stress and maximum tensile stress distribution of the tunnel surrounding
the rock contour surface at 1 m, 5 m, and 15 m behind the tunnel face are shown in Fig. 6.

By careful observation of Fig. 6, it can be concluded that with the increase of distance from
the tunnel face, the distribution of shear stress along the tunnel excavation section tends to be
uniform, and the maximum shear stress always appears in the middle of the floor, which is caused
by the larger vibration velocity of the tunnel floor under the effect of blasting vibration. The
maximum shear stress of the surrounding rock behind the working face appears in the middle of
the bottom slab, which is 9.8 MPa and does not exceed its ultimate damage strength. Therefore,
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the shear-induced damage of the surrounding rock is not considered in this paper.

15.0m
—5.0m
—1.0m

Fig. 6. Distribution of the maximum shear stress and the maximum tensile stress (Unit: MPa):
a) Maximum shear stress, b) maximum tensile stress

For purpose of analyzing the relationship between PPV and stress in the tunnel excavation
section, the PPV and stress locations at 1 m, 5 m, and 15 m after the working face is listed in Table
4 according to the numerical simulation results. As can be seen from Table 4, the maximum value
of PPV and the maximum value of shear stress are in the same position under the effect of tunnel
blasting, both appearing in the middle of the bottom plate, while the maximum value of tensile
stress first appears at the bottom of the bottom plate, and then shifts to the middle of the bottom
plate. The results show that: There is a correspondence between the maximum value of PPV and
the maximum value of shear stress during tunnel blasting, and the maximum value of PPV and
the maximum value of tensile stress are not always in one-to-one correspondence, and the
correspondence exists only after a certain distance from the earthquake source.

Table 4. Positions of the maximum peak vibration and the maximum stress

Horizontal distance to face of the PPV Shear stress Tensile stress
palm/m

1 Middle of the tunnel | Middle of the tunnel Arch foot of the
floor floor tunnel

5 Middle of the tunnel | Middle of the tunnel Arch foot of the
floor floor tunnel

15 Middle of the tunnel | Middle of the tunnel | Middle of the tunnel
floor floor floor

4.3. Blast damage effect study

To further study the damaging effect of the rock body at different locations in the deep part of
the rock body, the field combined with an acoustic testing system to study the damage law of the
rock body at different locations from the tunnel chapter face. Therefore, different locations near
the foot of the arch at 5 m, 10 m, 15 m, and 30 m from the palm face were selected for study and
analysis, and three measurements were taken after the blasting times of 0, 5, and 10 times
respectively, and the average value was taken. And according to the principle of sound velocity
reduction before and after blasting, to determine the displacement damage depth of the tunnel, the
measurement point layout schematic diagram is shown in Fig. 7, in which the monitoring photos
in Fig. 7(a) were taken by the author inside the blast tunnel at Yuxi Township. To ensure the
validity of the acoustic velocity test results, three times were tested for each monitoring, and the
average value was taken each time. The acoustic test results before and after each blast at different
locations in the tunnel from the palm face are shown in Fig. 8. The relationship between the
number of statistical blasts and the depth of damage is shown in Table 4.
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Surrounding Rock

Fig. 7. Schematic diagram of measurement point arrangement (unit: cm):
a) acoustic test hole; b) hole depth direction of acoustic test hole

(a) 6.0+ (b)
5.84

5.5 5.6
> —~
:s/ @ 5.4
S 5.0+ t\% 524
> o
= >
= - g 5.0
< 454 ’/ i
§ / P’;j g 48
2z / f —=— Data from the first measurement 2
o 407 1/ —e— Data from the second measurement 3 407
5 / ,’/ —a— Data from the third measurement 2 44+
2 /] g o A
g 3.5 E 42 A~ = Data from the first measurement

A/ ~—@— Data from the second measurement
304 A 404 —a— Data from the third measurement
3.8 T T T T T T
; 1 7 3 B 5 0 1 2 3 4 5
Straight line distance from probe orifge/m Straight line distance from probe orifge/m
()55 (d) 554
— m Em—=R—a
5.0 Aty 50+

304 / —=a— Data from the first measurement
—=e— Data from the second measurement
—#— Data from the third measurement

I
uf
// —=— Data from the first measurement
25 i @ Data from the second measurement
—4— Data from the third measurement

Velocity of sound wave/(km/s)

Velocity of sound wave/(km/s)
T

2.0

T T T T T 2.0 T T T T T T
1 2 3 4 5 0 1 2 3 4 5

Straight line distance from probe orifge/m Straight line distance from probe orifge/m
Fig. 8. Plot of acoustic velocity-hole depth: a) distance from palm surface is 5 m; b) distance from palm
surface is 10 m; c) distance from palm surface is 15 m; d) distance from palm surface is 30 m

o4

(1) Tt is easy to see from Fig. 8, with the gradual increase in the horizontal distance from the
palm surface, the sound velocity of the rock around the body gradually decreases, and with the
increase in the number of blasting, the sound velocity tends to gradually decay and stabilize after
reaching a certain level.

(2) As the horizontal distance from the detection orifice gradually increases, the rock acoustic
tunneling gradually increases, indicating that there is a certain range of damage to the surrounding
rock by blasting vibration, and at different distances from the tunnel palm face, the trend of change
in the deeper part of the tunnel surrounding rock is exponential change pattern, and at a distance
of Sm from the palm face, the tunnel surrounding rock damage is more serious.
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Table 5. Relationship between the number of blasting and the depth of damage to the surrounding rock

The horizontal distance from Number of blasts (monitoring times)
the palm face of the tunnel / m 0(1) 5(3) 10(5)
5 3 3.5 4
10 3 3.5 4
15 2 2.5 3
30 1.5 2 2.5

5. Discussion

1) It is easy to see from Fig. 5 that in the tunnel blasting near the area, the PPV in the tunnel is
greater vertically than in the tunnel radial direction than in the tunnel axial direction (Y > X > 7),
which indicates that the vertical vibration near the palm surface area is the main propagation
direction of vibration, which is due to the large burial depth of the tunnel and the better level of
the tunnel surrounding rock. With the detonation of the tunnel trenching area, the seismic waves
generated by tunnel blasting mainly include body waves and surface waves, due to the existence
of the free surface of the tunnel axial and tunnel radial, so there is a certain degree of attenuation,
resulting in a large PPV in the vertical direction of the tunnel. At the same time, as the distance
from the palm surface increases, the PPV in the tunnel gradually decreases, and the Y direction is
the most serious attenuation. However, the x-direction is the second and the z-direction is the
smallest, indicating that the decay of the mass velocity in the tunnel is mainly in the y-direction
as the distance from the tunnel palm increases.

2) It is easy to see from Fig. 6 that due to the stress concentration effect, the maximum tensile
stress of tunnel blasting vibration appears at the position of the rear foot next to the face, which is
7.35 MPa. The tensile strength of the tunnel surrounding rock is 6-10 MPa, and the maximum
tensile stress of the surrounding rock may exceed the ultimate tensile strength. Therefore, in the
process of tunnel excavation, the vicinity of tunnel foot is considered as the key position to
determine the damage to tunnel surrounding rock. With the increase of the distance from the tunnel
face, the maximum tensile stress gradually transfers from the tunnel foot to the middle of the
tunnel floor.

3) The relationship between the number of blasting and the depth of damage to the surrounding
rock can be seen in Table 5, with the increase in the horizontal distance from the roadway palm
surface, the depth of damage to the surrounding rock gradually increases. And the change is not
significant when the number of blasting is small, but with the increase of the number of blasting,
the difference between the two gradually increases, such as when the number of blasting is 1, the
depth of damage at different distances is 1.5 m and 3.0 m, while when the number of blasting is
10 with the number of blasts was 10, the damage depth of the surrounding rock increased from
2.5 m to 4.0 m, indicating that repeated blasting vibrations have a major impact on the integrity of
the tunnel surrounding rock, but the impact range is effective.

6. Conclusions

1) In the area near the palm face of the tunnel, the PPV in the vertical direction of the tunnel
is greater than the PPV in the radial direction of the tunnel than the PPV in the axial direction of
the tunnel. And as the distance from the palm surface increases, the tunnel attenuation in the Y
direction is the most serious, the second in the X direction, and the smallest in the Z direction. The
vibration velocity in the X direction in the tunnel is greater at the foot and floor of the tunnel PPV,
while in the Z direction of the tunnel mass, the PPV of the tunnel floor and tunnel sidewall is
greater.

2) Under the action of blasting vibration, the maximum value of PPV corresponds to the
maximum value of shear stress, where the bottom of and the arch of the tunnel are easily damaged,
so attention should be paid to the monitoring of blasting vibration and stress in this area.
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3) The sound velocity of the rock body gradually increases with the increase of the horizontal
distance from the detection hole, while the sound velocity of the internal rock body gradually
decreases with the increase of the horizontal distance from the palm surface, although the blasting
vibration has some damage to the surrounding rock, the damage caused by blasting to the tunnel
surrounding rock is limited.
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