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The excessive destruction of surrounding rock in deep tunnel will change
the original environmental state and destroy the natural ecological balance.
Research on the dynamic response characteristics and damage thresholds
of rock masses in deep environments plays a crucial role in determining
the excavation range of blasted rock and establishing safety construction
scheme. This study employs numerical simulation techniques to investigate
the dynamic response characteristics of surrounding rock under different
ground stress conditions. By introducing the dynamic ultimate tensile strength
criterion, critical fracture stress threshold, and maximum damage radius of
rock under coupled dynamic-static loading conditions are determined. The
research shows that under uniaxial ground stress condition, increasing ground
stress inhibits damage to the surrounding rock and the extension of cracks
in the excavation area, while imposing restrictions on the attenuation rate
of explosive stress. Under bidirectional equal ground stress condition, an
increase in lateral pressure coefficient inhibits the development of damage
zones along the excavation contour, yet enhances the extension of cracks
in the maximum principal stress direction. Moreover, when lateral pressure
coefficient becomes excessively large, the attenuation rate of explosive stress
significantly increases. Based on the threshold values of peak particle velocity
(PPV), the functional relationship is established to predict safety criteria for deep
blasting excavation.

surrounding rock, blasting, ground stress, numerical simulation, peak particle velocity

1 Introduction

Blasting technology in traffic, mining, tunnel and other large engineering construction
plays an indispensable role (Hongetal, 2023; Panetal, 2023; Wuetal, 2023). In
recent years, with the rapid development of economic construction, the construction of
civil engineering and hydraulic engineering has gradually deepened, and the complex
stress conditions make the tunnel blasting excavation face increasingly strict challenges
(Mahmoodzadeh et al., 2022; Chai et al., 2023). In the process of blasting excavation of
underground engineering, explosion load and stress redistribution of surrounding rock are
the main causes of damage of surrounding rock of deep tunnel (Fan et al., 2015). The change
of rock mass occurrence environment and rock mass deformation caused by excavation
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further lead to the deterioration of rock mass performance, which
is not conducive to the stability of surrounding rock, deformation
control and construction safety (Xu et al., 2023; Zheng et al., 2024).
In addition, excessive damage to surrounding rock of deep
tunnel will change the original environmental state, destroy the
groundwater circulation system, and even cause the depletion of
surface water sources, the decline of water quality, and the decrease
of soil water content, thus affecting the normal growth of plants
and destroying the natural ecological balance. Therefore, to reveal
the damage mechanism of surrounding rock induced by blasting,
it is necessary to deeply explore the blasting damage effect and
disturbance response characteristics of surrounding rock under
complex stress conditions.

The vibration and damage evolution of rock mass caused by
blasting is one of the key problems in blasting engineering and
rock mechanics (Guan et al., 2020; Huo et al., 2020; Liu et al., 2022).
Relevant scholars have carried out some research by means of
theoretical deduction, numerical simulation and engineering test
(Uysal et al., 2007; Sazid and Singh, 2013; Li et al., 2016; Yang et al.,
2016). Xie et al. (2017) studied the excavation of cut blasting tunnel
by using numerical simulation method, and studied the damage
mechanism of cut blasting under different hydrostatic pressure and
lateral pressure coefficient by using Riedel-Hiermaier-Thoma (RHT)
model, which provided solutions to the problems of actual cut
blasting. Yi et al. (2017) used LS-DYNA to study blasting breakage
in sublevel caving mining, and discussed the effects of delay time and
detonator location on fragmentation. Wang et al. (2021) studied the
effect of repeated explosive loading on rock damage accumulation.
They found that even repeated blasting did not contribute much to
rock cracking in the direction of minor principal stress. Yilmaz and
Unlu. (2013) discussed the effects of loading rate and anisotropic
high ground stress on the blasting damage area, and verified the
influence of the magnitude and direction of principal stress on the
development of cracks around the borehole. Hajibagherpour et al.
(2020) simulated the rock breaking mechanism of single-hole
blasting shock wave, analyzed the stress around the blasthole, the
number of explosion-induced cracks and the fracture density, and
compared with the corresponding experimental results. Simha et al.
(1983) conducted a series of experiments with Plexiglass discs to
study the influence of static stress field on blasting rupture mode. The
results show that the optimal fracturing direction is the direction of
maximum principal stress. Zhu et al. (2013) conducted a numerical
simulation of the rock failure process under static and dynamic
combined loads, and the research showed that before the action of
blasting loads, the lateral pressure coeflicient controlled the stress
distribution around the blasthole, and the damage area around
the blasthole was closely related to the ground stress, and the
ground stress distribution also had an impact on the direction of
crack growth.

To sum up, scholars have carried out solid work in the aspects of
deep tunnel blasting excavation and dynamic damage mechanism,
but the analysis on the damage mechanism of surrounding rock
induced by tunnel blasting excavation under different ground stress
conditions is still insufficient, and most of them are limited to
the simulation of single hole or double hole blasting (Cheng et al.,
2021; Cheng et al., 2022). In particular, there are few reports on
the research on the blasting excavation effect of the full section of
the tunnel. It is difficult to obtain the critical index of deep rock
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mass, and it is biased to analyze the mechanical characteristics of
deep blasting rock mass by simple qualitative analysis and empirical
formula. Field test methods considering the damage characteristics
of surrounding rock are costly and difficult, and there are great
differences between various test methods (Ji et al.,, 2021a; Jiet al.,
2021b). Therefore, the method combining theoretical analysis and
numerical simulation is adopted to carry out the dynamic response
characteristics of surrounding rock caused by blasting excavation of
tunnel under different ground stress levels. The maximum damage
radius of rock mass is determined by introducing dynamic limit
tensile strength criterion, and the general function expression of
rock damage PPV threshold in deep rock mass blasting excavation
is established.

2 Interaction mechanism between
explosion load and rock

2.1 Stress field of surrounding rock under
coupling load

During the process of blasting excavation in deep-seated
rock mass, the stress experienced by the surrounding rock
is the result of the coupling of dynamic explosive loads and
static ground stresses. Without considering stress concentration,
the circular tunnel model is approximated as a thick-walled
cylinder, and the stress process of the rock mass is shown

in Figure 1.

Affected by the far site stress, the plane strain calculation
model for the ground stress on the excavation surface
corresponding to each blasting section is as follows

(Luetal., 2012):
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Where 0,;, 0,4, and 7,; are the radial normal stress, tangential
normal stress, and shear stress on the excavation face of the ith
blasting section, respectively. 7 is the lateral pressure coefficient, %
=oyloy.

Without the initial stress in rock mass, the dynamic stress field
induced by blasting load can be attributed to the problem of column
cavity excitation. The governing equation in cylindrical coordinate
system is:
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Where u is the displacement induced by the explosive load on
the blasthole;  is the distance from the center of the blasthole; o,
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FIGURE 1
Load diagram of full section blasting in deep tunnel.
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Schematic diagram of the blastholes in the excavated tunnel cross-section.

and oy, are the radial and tangential stresses induced around the
blasthole due to the explosive load; A and y are the Lamé constants;
Cp is the speed of elastic waves in the rock, and p is the density of
the rock.

Millisecond delayed excavation of the whole section of the
tunnel, blasting stress waves propagate from the excavation to the
deep surrounding rock, and the stress field in the surrounding rock
is superimposed by the static stress field and the dynamic stress field
stimulated by the explosion load. The stress state at any point in the
surrounding rock can be described as follow:
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unit: mm

0,(r,t) = 0,,(r) + 0, (1, 1) 3)
0¢(r, t) = U¢s(r) + Ggh(r’ t)

Where o, (1,t) and U¢(r,t) are the radial and tangential dynamic
stresses in the surrounding rock, respectively. o,(r) and o(r)
are the pre-blasting static radial and tangential stresses in the
surrounding rock, calculated by Eq.1. 0, (,t) and oy, (1)
are the radial and tangential dynamic stresses induced by the
explosive load in the surrounding rock during the blasting process,
computed by Eq. 3.
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2.2 Criterion of damage threshold under
explosion stress wave

Rock is considered a brittle material with markedly lower tensile
strength compared to its compressive strength. Under the influence
of explosive load, the rock assume a triaxial stress state characterized
by a combination of tension and compression. The crushing zone
is the result of compressive stress, while the fracture zone is a
consequence of tensile failure. According to the Mises criterion,
when rock failure occurs the stress at any point in the rock o; fulfills
the following criterion:

0.4 (Crushingzone) @

0,4 (Fracturezone)

The tensile crack caused by toroidal dynamic tensile stress is
dominant in blasting load. Therefore, the criterion for damage of
the surrounding rock is based on the maximum tensile stress, as
formulated in Eq. 5 (Lv et al., 2021):

(5)

03 = 0y

TABLE 1 Blasting parameters.

10.3389/fmats.2024.1329549

When the explosion stress wave decays in the rock medium
just enough that the rock no longer suffers tensile failure, it can be
considered that the rock is in a critical damaged state. In this critical
damaged state, explosion stress wave is given by:

6=0,=1

1 ct b (6)

Oy

Where o; and 0, are the dynamic compressive strength and
dynamic tensile strength of the rock on the critical damaged
surface; b is the lateral stress coefficient, b = v/(1-v), v is the
Poisson’s ratio.

In the fracture zone of rock, the strain rate further decreases,
and the dynamic tensile strength of rock varies little with strain rate.
In this case, within the range of strain rates encountered in rock
engineering blasting, assume:

0,=0, (7)
Therefore, Eq. 6 can be reformulated as:
1
0;= 0= 30, (8)

Blasthole type “ Number of holes Depth of holes/m Pitch of holes/mm
12 2.0 700

cutting hole 1-12

caving hole 1 13-24 12

caving hole 2 25-38 15
periphery hole 39-56 18

bottom hole 57-69 13

2.0 1,000
2.0 1,000
2.0 1,000
2.0 1,000

FIGURE 3
Finite element calculation model of tunnel full section blasting.
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There are differences in the explosive stress o ; in rocks under
different ground stresses. The ¢, and other dynamic response
parameters located at the maximum damage boundary can be
selected as the criterion of the damage threshold. The damage
threshold D,, can be expressed as:

Dcr:Daci:DVci:DUci (9)

Where D,;, Dy,;, and Dy, are the stress, blast vibration velocity,
and particle displacement thresholds at the critical damage in the
rock, respectively.

aci>

3 Numerical calculation

3.1 Blasting parameters and calculation
model

The calculation model has a net width of 12.0m, net
height of 6.0m, resulting in a net cross-sectional area of
56.52m’. The borehole diameter is 40 mm, utilizing radial
coupling charges. The designed cut depth is 2.5 m, with a charge
segment length of 2.0 m. The rock type is sandstone, which is
relatively hard. Smooth blasting is employed, and the blastholes
arrangement is as shown in Figure 2. The blasting parameters are
listed in Table 1.

The three-dimensional finite element model is depicted in
Figure 3. The six outer surfaces of the model were set as

TABLE 2 Parameters of HIC model.

10.3389/fmats.2024.1329549

non-reflective boundaries, and constraints were applied in the
thickness direction. The surrounding rock was modeled using
the conventional Lagrange algorithm, while the explosive and
air materials were modeled using the Arbitrary Lagrangian-Euler
(ALE). The total number of elements in the rock and coupling
medium in the computational model is approximately 900,000. The
size and mesh division of the model were kept consistent for different
conditions.

The rock is described using the HJC model, with parameters
as shown in Table2. In this study, explosive with a density
of 1,250 kg/m®> and a detonation velocity of 3,200 m/s. The
JWL equation is employed to depict the relationship between
pressure and volume during the explosion process, with parameters
detailed in Table 3.

3.2 Working condition design and
monitoring points arrangement

Simulation of tunneling and blasting under different confining
pressures was carried out, and specific working conditions were
shown in Table 4.

Typical monitoring points are arranged in the model to check
the dynamic mechanical characteristics of the model under blasting
action, including stress, particle displacement and particle blasting
vibration. The arrangement of these monitoring points is depicted
in Figure 4.

Parameter ‘ Value ‘ Parameter ‘ Value ‘
Density p (kg/m’) 2,600 Shear modulus G (GPa) 12.5
Normalized maximum strength SFMAX 5 Normalized cohesive strength A 0.28
Crushing pressure P, (MPa) 51 Normalize pressure hardening B 2.5
Crushing volumetric strain g, 0.002 Pressure hardening exponent N 0.79
Locking pressure Py, (MPa) 1,200 Strain rate coefficient C 0.002
Locking volumetric strain g, 0.012 uniaxial compressive strength f, (MPa) 136
Damage constant D, 0.04 Maximum tensile pressure f, (MPa) 12.2
Damage constant D, 1.0 Pressure contant K; (MPa) 8.5¢*
Amount of plastic strain before fracture EFMIN 0.01 Pressure contant K, (MPa) -1.71e°
Maximum principal strain at failure MXEPS 0.1 Pressure contant K; (MPa) 2.08¢°
Failure strain FS 0.035

TABLE 3 Explosive equation of state parameters.

p (kg:m) D/(m-s™%)

1,250 3,200 276
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TABLE 4 Calculated working condition design.

LI 2 EEELIE EORIE e Horizontal ground stress oy, (MPa) Vertical ground stress o, (MPa)
! - 20 0
: - 40 0
’ . 0 20
' . 0 40
° o 8 40
: e 20 40
' 1‘5 60 40
8 2.0 %0 "
’ ! 20 "
10 1 " .
11 1 60 3
12 L “ .
® e e stress monitoring <o % G

<o %G
<~ <~ displacement monitoring 4 4 c,

* % blasting vibration monitoring+" * G
“Fe%C
g, TO%C

w Ds D D center of charge section

FIGURE 4
Schematic diagram of monitoring points in calculation model.

4 Nu_meric_al simulation of smooth excavation under unconfined conditions was conducted. The

blastlng without ground stress evolution of damage during the tunnel blasting and excavation
process is illustrated in Figure 5.

41 Blasting damage of tunnel without The explosion stress wave propagates in the rock after cutting

grou nd stress holes initiation, and the stress release occurs only in the local area

before the crack penetrates through the hole. Subsequently, caving
In accordance with the aforementioned parameters and  holes 1 and 2 began to detonation, initiating the penetration of
simulation methodology, a numerical simulation of tunnel blasting ~ cracks in the cutting area. Then peripheral holes and the bottom
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cutting holes initiation

(=7

4
¥

periphery holes and bottom
holes initiation

FIGURE 5
Blasting-induced damage of surrounding rock without ground stress.
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Time (s)

Blast vibration velocity (m's™)

2000

FIGURE 6

ultimate damage

Blast vibration velocity (m's™)

10.3389/fmats.2024.1329549

Fringe level

damage evolution in cutting area

800

1200 1600 2000

Time (s)

Blasting vibration history curves of monitoring points without ground stress, (A) horizontal direction; (B) vertical direction

holes detonate simultaneously, with the propagation of the explosion
stress waves, the penetration of cracks between the blasting holes on
the excavation surface. The continued propagation of the explosion
stress waves induces damage to the surrounding rock and the
bottom plate.

4.2 Characteristics of blasting vibration in
typical locations

The shockwave generated by the explosive detonation gradually
transforms into seismic waves propagating outward, inducing elastic
vibrations in the surrounding rock. The vibration of the surrounding
rock generated during the deep tunnel blasting process is a crucial

Frontiers in Materials
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assessment parameter for engineering blasting safety. With the
increasing awareness of citizen safety and rights protection, blast
vibration control has become one of the key factors affecting whether
engineering blasting can proceed smoothly. The vertical and
horizontal blast vibration data were extracted from the monitoring
points arranged in the model, the vibration history curves were
plotted as shown in Figure 6.

It can be observed that as the displacement of the monitoring
points increases, the Peak Particle Velocity (PPV) of the blast
vibration continuously decreases. Additionally, the occurrence time
of the vibration velocity peak at the monitoring points continues
to delay, in line with the general pattern of blast-induced vibration
in engineering. Furthermore, the vertical blast vibration response
at the surrounding rock monitoring points was higher than that in

frontiersin.org
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®  Horizontal monitoring points

®  Vertical monitoring points

PPV=6.70x""* R?=0.983

PPV/(m/s)

PPV=5.79x""%% R?=0.987

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Distance (m)

FIGURE 7
Fitting curves of PPV attenuation

the horizontal direction. The decay pattern of PPV in blasting is
generally described in the equation of PPV = K (QY3/X)*, which
can be simplified to a power function relationship, PPV = KX*
(Zhou et al., 2014). The PPV data from monitoring points in both
horizontal and vertical directions were fitted, the fitting curves are
shown in Figure 7. The correlation coefficients are all greater than
0.98, indicating that the fitting curves accurately represent the PPV
decay pattern. The coefficient « characterizes the decay rate of peak
particle velocity with distance. The larger the |a|, the faster the decay,

0;=20 Mpa, o,=0 Mpa

FIGURE 8

10.3389/fmats.2024.1329549

compared to the vertical direction, the horizontal direction exhibits
a higher decay rate of PPV.

5 Dynamic response characteristics of
surrounding rock under ground stress

5.1 Blasting damage of tunnel under
ground stress

The distribution of tunnel blasting damage under different
ground stress conditions is shown in the Figures 8-10.

The compression of confining pressure will further increase
the damage in the direction of the maximum principal stress,
under unidirectional ground stress conditions, when the ground
stress is low. As the ground stress oy increases, the compressive
effect of the ground stress will have an inhibition effect on the
surrounding rock damage and the cracks in the cutting area.
It is found that the increase in ground stress oy has a greater
inhibitory effect on the surrounding rock damage compared to the
condition of ground stress ov. In bidirectional unequal ground
stress conditions, when the lateral pressure coeflicient is small, there
is over-excavation in the tunnel along the excavation profile, the
damage extends in the direction of the maximum principal stress.
However, with the increase of the lateral pressure coefficient, the
damage zone is distributed more uniformly along the excavation
profile. The increase in lateral pressure coefficient, i.e., the increase
in ground stress oy, causes the extension of rock fractures in the
cutting area along the horizontal direction with higher ground
stress. In bidirectional equal ground stress conditions, when the

Fringe level

1.0

0.9 :I
0.8 -
0.7 -
0.6 —
0.5 -
04 -

03 -

0.2
0.1 :I
0 -

0;=40 Mpa, 0,=0 Mpa

Blasting-induced damage of surrounding rock in unidirectional ground stress condition.
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Fringe levels

1.0

0.9 ]
0.8 —
0.7 -
0.6
0.5
0.4 —
0.3 -
0.2

0.1 ]
0

0y=60 Mpa, 5,=40 Mpa 03;=80 Mpa, o,=40 Mpa

FIGURE 9
Blasting-induced damage of surrounding rock in bidirectional unequal ground stress condition.

Fringe levels

1.0

0.9 :I
0.8 -
0.7 -
0.6
0.5
04 -
0.3

0.2
0]
0

0,=60 Mpa, ¢,=60 Mpa 01,=80 Mpa, 5,=80 Mpa

FIGURE 10
Blasting-induced damage of surrounding rock in bidirectional equal ground stress condition

lateral pressure coefficient is 1.0 and the ground stress is low,  The damage to the surrounding rock along the excavation profile
the damage zone is distributed relatively uniformly along the  and the extension of cracks in the cutting area are suppressed,
excavation profile. When the lateral pressure coefficient is 1.0 and  and this inhibitory effect is strengthened with the increase of
the ground stress is high, stress release is limited to a local area. ~ ground stress.
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5.2 Stress attenuation characteristics and
maximum damage radius

The vertical and horizontal explosion stress data at monitoring
points in the computational model were extracted, and scatter
plots of stress under different confining pressure conditions were
generated and fitted with curves, as shown in Figure 11.

With the increase of ground stress, the explosion stress wave
increases in the direction of maximum principal stress, and the
promoting effect is further enhanced under the condition of
bidirectional ground stress. The rate of stress attenuation is different
under different ground stress conditions, so the distance of explosion
stress wave attenuation to damage threshold is different under
different ground stress conditions. According to the criterion of
rock damage threshold under the action of explosion stress wave
in Section 2.2, when the explosion stress wave in the rock decays
to the critical stress o, it is located on the critical fracture surface.
Therefore, through the attenuation relationship of explosion stress-
displacement in rocks under different ground stress conditions,
the distance when the explosion stress decays to the critical stress
o,; of rocks is obtained, that is, the maximum damage radius, the
maximum damage radius under different ground stress conditions
is plotted in Figure 12.

The maximum damage radius is closely related to the magnitude
of the applied ground stress. Specifically: In unidirectional ground
stress conditions, the application of ground stress deepens the
damage of surrounding rock in the direction of minimum principal
stress, and the damage degree of surrounding rock increases with
the increase of unidirectional ground stress. In the condition of

10.3389/fmats.2024.1329549

bidirectional unequal ground stress, the damage of surrounding
rock is inclined to the direction of maximum principal stress. When
lateral pressure coefficient is small, the damage of surrounding rock
increases with the increase of the lateral pressure coefficient. When
lateral pressure coefficient is too large, the damage of surrounding
rock in the direction of minimum principal stress is suppressed. In
the condition of bidirectional equal ground stress, the maximum
damage radius and damage degree of surrounding rock increases
with the increase of ground stress, the damage in vertical is more
sensitive to the applied ground stress.

5.3 Analysis of blasting vibration

Blasting vibration data in the vertical and horizontal directions
of the monitoring points of the calculation model were extracted,
and the relationship between vibration velocity and distance of
monitoring points as shown in Figure 13.

In the condition of uniaxial ground stress, the dynamic response
of vibration velocity in horizontal and vertical directions is related
to the direction and magnitude of the ground stress. The vibration
velocity of each monitoring point gradually decreases with the
increase of ground stresses oy, and o Taking the vibration velocity
of each monitoring point under no ground stress condition as the
reference, in conditions No. 1, 2, 3, and 4, the vibration velocity
in horizontal decreased by 0.69%, 3.21%, 7.15%, and 16.22%,
respectively, while in the vertical decreased by 9.38%, 16.41%,
remained unchanged, and increased by 1.56%, respectively. This
indicates that under uniaxial ground stress, the vibration velocity in
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that direction is inhibited, and this inhibition effect is strengthened
with the increase of ground stress. In the condition of bidirectional
unequal ground stress, with the increase of the lateral pressure
coeflicient, the vibration velocity in horizontal increases gradually,
and the lateral pressure coefficient has no effect on the initial
vibration velocity in the vertical direction when oy is less than

Frontiers in Materials 11

60 MPa. When the lateral pressure coeflicient is 2, vibration velocity
in the horizontal direction decreases and in the vertical direction
increases significantly. The vibration velocity in horizontal increases
when the bidirectional equal ground stress is low, but the vibration

velocity in both directions is suppressed with the increase of the
ground stress.
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5.4 Prediction based on PPV threshold
safety criterion

Blasting vibration control has become one of the key factors
to reduce blasting damage and ensure smooth engineering. The
damage and destruction of retained rock mass caused by blasting
is closely related to the strain energy of rock mass under the
action of explosion load, and the strain generated in rock mass
is proportional to the peak particle velocity. There is a good
correlation between the damage of rock mass by blasting and the
peak particle velocity, which is also proved by a lot of research
and engineering practice. Therefore, PPV is commonly used as a
standard for monitoring blasting dynamic effects and controlling
blasting safety. The PPV located on the damage boundary

under different ground stress conditions was statistically analyzed
and drawn in Figure 14.

10.3389/fmats.2024.1329549

Taking the PPV threshold of surrounding rock damage without
confining pressure as a reference value, the critical PPV threshold
in the direction of maximum principal stress under the condition
of unidirectional ground stress is larger, and increases compared
with the reference value. It is shown that the ground stress
enhances the difficulty of rock failure in the direction of maximum
principal stress. The PPV threshold of critical damage is smaller
than the reference value under the condition of bidirectional
unequal ground stress and the lateral pressure coeflicient is too
small. When the lateral pressure coeflicient is too large, the
applied ground stress increases the PPV threshold of surrounding
rock in the direction of the maximum principal stress, and
it is larger than the reference value. Under the condition of
bidirectional equal ground stress, with the increase of ground
stress, the critical damage PPV threshold of surrounding rock is
smaller than the reference value, and the applied bidirectional
equal ground stress can inhibit the damage threshold. The general
relationship between PPV threshold and ground stress cannot be
well expressed by one functional relationship. Unidirectional and

bidirectional ground stress conditions are fitted separately, as shown
in Figure 15.

The PPV thresholds of horizontal and vertical under
unidirectional ground stress were fitted respectively, and the
function PPV = ayoy + byoy + ¢, was selected. The average
value of horizontal and vertical PPV is considered to represent
the damage threshold of the whole surrounding rock. Although
the fitting relationship of the average value is better, the fitting
function verification shows that the theoretical PPV threshold
under unidirectional ground stress condition is significantly
different from the actual horizontal and vertical thresholds,
which does not meet the engineering requirements. In the
bidirectional ground stress condition, the function PPV =
a,0°+b oy +e ot +d oy e oy + floy + g, was selected.
The average theoretical PPV threshold cannot be used to
characterize the damage state of the whole surrounding rock,
it is necessary to fit separately. The fitting equation can well

characterize the general relationship between PPV threshold and
ground stress.
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Fitting relationship between PPV threshold and ground stress, (A) unidirectional ground stress; (B) bidirectional ground stress.
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6 Conclusion

In this paper, the finite element calculation model of full section
excavation of deep tunnel is established, the dynamic limit tensile
strength criterion of rock is introduced, and the damage effect of full
section blasting excavation of tunnel surrounding rock is simulated
and analyzed. The main conclusions are as follows:

(1) Under unidirectional ground stress condition, with the
increase of the ground stress, the compressive effect of the
ground stress will produce an inhibition effect on the damage
of the surrounding rock and the cracks in the cut area.
Under the condition of bidirectional unequal ground stress,
the expansion of the damage zone on the excavation contour
is inhibited with the increase of the lateral pressure coefficient,
and the damage expansion in the direction of the maximum
principal stress in the cut area is increased. Under the condition
of bidirectional and equal ground stress, when the ground
stress is low, the damage zone is evenly distributed along the
excavation contour surface. With the increase of ground stress,
the stress is only released around the blasthole, and the damage
of surrounding rock on the excavation contour surface and the
crack expansion in the cut area are inhibited.

(2) Different ground stress conditions result in varying stress
propagation characteristics. Under uniaxial ground stress
condition, the application of ground stress imposes certain
limitations on the rate of stress attenuation. Under the
condition of bidirectional equal ground stress, the presence of
ground stress has a small amplitude increase on the stress decay
rate when the ground stress is low, and has a strong inhibition
on the stress decay rate when the ground stress is high.
Different stress decay rates affect the damage stress threshold in
the rock, resulting in different maximum damage radius when
the explosion stress wave decays to the critical stress.
(3) According to the maximum damage radius of rock under
different ground stress conditions, the PPV threshold of
blasting vibration peak on the damage boundary is calculated.
By fitting the general functional relationship between different
ground stress and PPV threshold, it is found that the general
relationship between damage PPV threshold and ground stress
can be well characterized by using linear function under
unidirectional ground stress and cubic polynomial function
under bidirectional ground stress.
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