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Abstract: In the process of tunnel blasting and tunneling construction, the blasting effect is often poor
due to the bedding and weak surfaces of the surrounding rock. The results show that the blasting effect
of the computational model with a delay of 4 ms between the two holes is the best under the action of
stress waves, and the peak attenuation of stress on both sides of the bedding surface closest to the post-
blasting hole is the smallest, only 48%, and the design requirements of the delayed detonation time
between the pores of the bedding rock mass are consistent with that of the complete rock mass. That is,
when the first burst stress wave completes the expansion stage of rock fractures, the blasting effect will
be better when the burst hole is detonated again.
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1. Introduction

With the continuous progress of science and technology, construction equipment is also constantly
updated and iterated, and tunnel boring construction is more inclined to use mechanical rock breaking,
but in the construction of surrounding rock under complex conditions such as bedding and weak surfaces,
drilling and blasting method is still a more efficient and economical method. In engineering practice, the
blasting effect is subject to factors such as bedding, cracks, and blasting parameters, which often leads
to high bulk rate, serious over-under-excavation, and low blast hole utilization, which reduces the
construction quality and efficiency!.

In the construction of tunnel blasting, multi-section blast holes are usually used and different delay
times are set to reduce the sandwiching effect of rock and improve the efficiency of blasting rock breaking,
but when the surrounding rock blasting with bedding is blasted, the blasting stress wave will be reflected
and transmitted in the bedding plane, and at the same time, the bedding surface will be crushed, slip and
other phenomena, and the blasting mechanism is very different from the blasting of the complete rock
mass, so many scholars have carried out relevant research on the blasting of layered rock mass. Agrawal
Anurag et al.[l proposed a blasting technique based on delay mode and table orientation to reduce the
blasting vibration in coalfields with layered surfaces. YANG Guoliang et al.¥! conducted blasting tests
on shale cube specimens at four different slit angles using a slit packet to explore the blasting fracture
mechanism of bedding shale under directional fracture control blasting. Chen Yekai et al.[l optimized
the blasting design by accurately simulating the damage area caused by blasting excavation of the
bedding slope to ensure the stability of the slope under blasting load. WANG Haiyang et al.[*] studied the
influence of the position of the bedding surface and its medium properties on the propagation of hydraulic
blasting stress waves, and found that the smaller the distance between the bedding surface and the blast
source, the more obvious the inhibition effect on the propagation of blasting stress waves and crack
propagation, the greater the difference in the performance between the bedding surface medium and the
rock mass, and the more serious the attenuation of stress waves on the bedding surface. YANG Renshu
et al.[% studied the dynamic mechanical behavior of crack cracking and propagation through bedding
blasting through the blast hole under high stress through model experiments, and found that with the
increase of the angle between the bedding direction and the static stress direction, the propagation time
of the main crack burst decreased, the maximum deflection angle increased, and the propagation path
became more tortuous.

The above research focuses on the influence of bedding on the blasting mechanism in order to pursue
efficient blasting construction. Based on this, according to the numerical simulation method, the blasting
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effects of layered rock mass and complete rock mass with different delay times are calculated and
compared according to the time required for stress waves to complete different stages, which can provide
reference for similar projects.

2. Material model and parameter determination
2.1 Explosives and air parameters

Using the No. 2 rock emulsification explosive, the high-energy explosive model *MAT_HIGH_
EXPLOSIVE_BURN is adopted in LS-DYNA, and the detonation pressure P is defined as a function of
the relative volume V and the internal energy parameter EQ using the JWL equation of state:

P =[1—i]e@v + B[l— @ ]eRZV + -2 @)
RV RV EV

Where, P is the detonation pressure; V is the relative volume, which defaults to 1; Ey is the internal
energy parameter; A, B, R1 and R are the material characteristic parameters. w is the Greene-Eisen
parameter. The parameters of the JWL equation of state for explosives are shown in Table 1.

The air material uses the *MAT_NULL model, and its equation of state is represented by the linear
polynomial *EOS_LINER_POLYNOMIAL.:

P=Cy+CV+ C2V2 + C3V3 + (C4+C5V+C5V2)Eo (2)

Where, Co~Cs is the air material parameter, Cs=Cs=0.4, and the other parameters from Co to Cs are
constants. Eo=0.25 MJ/m?; V=1.0; The rest of the parameters are 0.

Table 1: Parameters of JWL equation of state for emulsified explosives

pol VOD/ Pcif Eof A/ B/
Parameters | o em) | (ms?) 102GPa | GPa | GPa | GPa | 2 |[Re | @
N“Vrgfséca' 11 4500 9.7 412 | 214 | 0182 | 4209|015

2.2 Rock and joint parameters

Figure 1: Tunnel section

Figure 1 shows the blasting construction section of a tunnel, and it can be found that the rock mass is
distributed in layers with an inclination angle of about 30< and the basic physical and mechanical
properties of the sandstone are sampled from the tunnel face and processed into standard specimens, and
the basic physical and mechanical properties of sandstone are tested, and the basic physical and
mechanical parameters of sandstone are obtained as shown in Table 2.

Table 2: Basic physical and mechanical parameters of sandstone

Parameters pol (@€m=3) | cof (Mm-s™Y) fo/ MPa f/ MPa E/ GPa PR
Numerical value 2.73 4852 119.3 5.17 16.2 0.17

The rock adopts the RHT model, which creatively proposes an constitutive model of tensile
compression damage, and describes the degree of rock damage by the damage parameter D(0<D<1).
When D>0.8, the rock is completely destroyed; when D<D<0.8 is 0.6, the rock loses its self-stabilization
ability due to strong impact, resulting in macroscopic cracks. When 0.2<D<0.6, the rock was only slightly
damaged, and reticulated cracks appeared insidel’).
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The main parameters of the RHT model are divided into P-a equation of state-related parameters,
strength-related parameters and damage parameters, and the P-o equation of state is

P = Ay + Aguiz + Aguz + (Bot+Ba)poe,>0 3
P= Tl,u + Tguz + BO/)Oey,U<0 (4)

Where, u=P(p"a)/po—1; po is the initial density of the rock; p” is the density of the rock when it is
compressed; e is the initial internal energy of the rock; Ai;, A2 and Az are the Hugoniot polynomial
coefficients; By, By, T1 and T, are the parameters of the equation of state. x>0 causes the compressive
volume of the rock to shrink, and vice versa, the tensile volume expands. A;=poCo?, A;=A1(2s-1),
A3:A1(352-4S+1), Bo:B;L:]/o:(ZS-l), T1=Aq, T,=0, s=0.9M1,

The corresponding porosity o of rocks can be expressed as:

P._-P
a=1+(a,-1)| =2— ()
Pcomp - Pel

Where, Pg is the pressure when the rock pores begin to be crushed; Peomp is the pressure when the
rock pores are completely crushed, Pe=fc/3; that is, the pressure when the rock is in a compact state; n is
the compression exponent.

According to Lif®, the compressive strain index 5:=4/(20+3f;) and the tensile strain index p=2/(20+f.)
can be obtained. The shear strength ratio is f;"=fs/f;, and the tensile compressive strength ratio is f;"=fi/f;
Parameters A and N are obtained according to the expression of the failure surface at 3Py"™>F, i.e., Eqa.
(1); When the material is in quasi-static loading conditions, F; takes 1, and Eqa. (6) is transformed into
Eqa. (7).

o f'(P*,F) = A(P™-Fd/3+(A/F,) NN (6)
o f' = A(P™-1/3+A VNN )

Where, P” is the normalized pressure, P"=P/f; (P" dimensionless). Using the empirical formula and
fitting analysis of Eqga. (7), it is obtained that A and N, Qo and B have little effect on rock stress-strain,
and the relevant parameters of concrete are cited as tensile and compressive yield surface parameters g;"
and g.", and the residual stress strength parameters, exponents As and N1,

The damage parameter D is defined as the cumulative of the plastic strain &p:
d
D=>—

&,
&

Where, &) is the plastic strain of the rock during failure and failure; em p is the minimum failure
effect variable; The damage parameters D1 and D, can be taken from the initial values of 0.04 and 1.0; ¢
o, €5, &, &c are the values given in the original literature of the RHT model, and there is no need to change
them.

(8)

Based on the above, the main parameters of the rock RHT model are shown in Table 3.
Table 3: Main parameters of sandstone RHT constitutive model (1%

fc/ G/ po/ Pe|/ A1/ Az/ A3/
MPa | GPa | (gem?®) | MpPa | @ | Fe | A [ Bo| Bl oo | Gpa | GPa

119.3 | 7.42 2.73 39.7 |1.09|001|0.014|09]| 09 64.3 57.8 -5.9

GTFl); As n Pé‘;;”g/ gt | g¢| Q | ¢ | N ' s A
643 | 1.6 3 06 | 07 |057| 068 |05|061| 0043 | 053 | 3.05

The plastic behavior of isotropic hardening and follow-up hardening of bedding was described by
*PLASTIC_KINEMATIC modelt™, and the parameters are shown in Table 4.

Table 4: Physical parameters of the layer [

pl (g €m3) E/ GPa PR Etan/ GPa ovield/ MPa
2.1 15 0.34 1 19
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3. Design of delayed detonation calculation model

3.1 Delay time calculation
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Figure 2: Layout of the blasting hole layout of the bedding tunnel

In tunnel blasting, for grooving holes and collapsed holes, it is usually necessary to set a certain delay
time, and the inter-hole delay mechanism of the surrounding hole is different from the above-mentioned
blast holes, which often requires the smallest or no delay between the peripheral holes, so that the cracks
extend radially along the blast holes and improve the forming quality of the surrounding holes. As shown
in Figure 2, the layout plan of the blast holes in the middle layered tunnel in Figure 1 (tunneling 1.~VI.
represents different sections of blast holes, and a certain delay time is set), and the delay time between
different sections of the blast hole in the complete rock mass is calculated!*?

s _ W, N W, N (0.5~ 0.8)W, 9)
' C, V.cosp/2 Ve

Where, Cp is the longitudinal wave velocity of the rock; V. is the average velocity of fracture
propagation in rock, generally V¢=400~500 m/s; f is the angle of the blasting funnel cone, generally
70~120< V, is the average movement speed of rock blocks, V,=5~10 m/s; W; (i=1~8) represents the
resistance lines of different sections of the blast holes, and the calculated value of the delay between
different sections of the blast holes S; (i=1~8) is calculated respectively, as shown in Table 4 (S represents
the delay of the detonator in the grooved hole, S, represents the delay of the detonator between the
tunneling | and the grooved hole, and so on, calculated according to the compromise value of each
parameter).

Table 5: Delay time between the minimum resistance line and different sections of the blast hole

Resistance line Wi W, Ws W, Ws We Wy We
Unit/ m 3.686 1.152 1.147 1.016 1.434 1.263 1.113 0.924

Delay time S1 S, S3 S4 Ss Se Sz Sg
Unit/ ms 0 86.1 85.1 84.7 86.1 85.5 85.0 84.8

It can be found that the results presented in Table 5 are mainly determined by the third item of Eqa.
(9), which is also relatively easy to understand, and the process of blasting rock is mainly divided into
two stages, namely, the dynamic action of explosive stress waves (initial stage) and the quasi-static action
process of explosive gases (main stage)t*<l.

3.2 Design of calculation working conditions

In order to facilitate the research, only the first two terms in Eqa. (9) are considered, the value of the
unified Wi is 1 m, and the value of the first term (the time of stress wave propagation to the free surface)
is calculated to be about 0.2 ms, and the value range of the second term is about 2.44~4.8 ms. The value
range of stress wave propagation and fracture expansion time is about 2.64~5.0 ms, so the delay between
holes is 0 ms, 0.2 ms, 1 ms, 2 ms, 3 ms and 4 ms, respectively, and the overall calculation time is 5 ms.
The distribution characteristics of the rock strata of the typical section of the tunnel are selected,
specifically the spacing between the layers of the bedding surface is 20 cm, the bedding thickness is 0.25
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cm, and the bedding inclination angle is 30< and the numerical calculation model of the double hole is
established as shown in Figure 3, and the displacement constraints are added above and below to simulate
the plane strain problem, the 1# blast hole is close to the free surface, representing the first blast hole,
and the 2# blast hole represents the post-blast hole, so as to simulate the effect of delayed detonation in
the actual working condition, the diameter of the blast hole is 42 mm, the diameter of the coil is 32 mm,
and the hole spacing is 1 m. The rocks are described using Lagrange grids, using Lagrange elements; The
explosives and air are described by using Euler cells, and the rock and air are overlapped by the keyword
*CONSTRAINED_LAGRANGE_IN_SOLID to achieve the effect of fluid-structure coupling.
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Figure 3: Numerical calculation model design

4. Analysis of simulation results
4.1 Analysis of the evolution process of blasting stress field

As shown in Figure 4, the effective stress evolution process of the simultaneous detonation model is
shown (the time in the upper left corner of the figure represents the time after the model starts calculation).
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Figure 4: Effective stress cloud diagram of simultaneous detonation model at different times

As can be seen from Figure 4(a), when the stress wave propagates in the layered rock mass, the closer
it is to the blast center, the greater the equivalent stress intensity. At 30 ps, in the bedding rock mass, the
shape of the wave front changes due to the barrier effect of bedding, while in the complete rock mass,
the wave front shape is intact and circular, and the radius is about 4.8 times that of the blast hole radius
by measuring the stress in the range of 120 MPa (rock compressive strength is 119.3 MPa). In the bedding
rock mass, when the stress wave of the rock layer where the drug package is located is transmitted to the
adjacent rock layer, reflection and transmission occur on the bedding surface, part of the stress is retained
in the rock layer where the explosive is located, so that the stress strength near the blast hole is higher,
and the other part of the stress penetrates the bedding into the adjacent rock layer, and the stress basically
exists in the adjacent rock layer of the rock layer where the explosive is located, and is more inclined to
be parallel to the direction of the bedding. At 300 ps time, the explosive stress wave emitted by the 2#
blast hole has been transmitted to the free surface and reflected, because it is tensile stress, it cannot be
displayed normally in the figure, but the stress distribution of the transmitted boundary and the free
boundary on the left and right sides of the model can be compared, and it can be clearly observed that
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the reflected wave and the opposite direction of the incident wave lead to a decrease in the stress intensity
on the side of the free plane, and the wave array is raised to the left. As a result, the stress concentration
and local tensile stress of the rock mass are generated, which makes the stress in the originally low stress
area increase. In order to compare the stress distribution of the detonation stress wave to the left
transmission boundary of the model after the detonation of the post-detonation hole of the delayed
detonation model, the stress field distribution characteristics of the model after the detonation of the 2#
blast hole for 200 ps are extracted, as shown in Figure 5 (the time in the upper left corner of the figure
represents the delay time of the blast hole detonation).
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Figure 5: 2# Effective stress cloud after 200 us detonation

As can be seen from Figure 5, the 2# blast holes of each model detonated at 200, 1000, 2000, 3000
and 4000 ps, respectively, and the stress wave reflection phenomenon was formed near the free surface
of each model, and with the increase of the calculation time, the stress field intensity near the 1# blast
hole gradually weakened, and after the detonation of the 2# blast hole for 200 ps, it was found that most
of the stress existed in the rock stratum between the 2# blast hole and the rock formation where the 1#
blast hole was located and the upper adjacent rock stratum of the 2# blast hole. This is because the stress
wave diffuses in the rock formation where the blast hole is located along the direction parallel to the
bedding plane without being blocked, and the reflection of the stress wave in the bedding leads to part of
the stress being retained in the rock layer where the blast hole is located, which also makes the radius of
the wave array along this direction greater than the radius of the wave plane perpendicular to the bedding
plane, and the other part of the stress passes through the bedding and enters the adjacent rock layer, and
there is a certain degree of attenuation Therefore, under the action of 2# blast hole blasting, the stress
concentration phenomenon will occur in this part. When the inter-hole delay is 200 us and 1000 ps, it
can be seen that the stress near the 2# blast hole of the bedding rock mass is stronger compared with the
intact rock mass and the bedding rock mass, indicating that the reflection of the bedding can significantly
increase the stress field strength in the near area of the blast hole. At this time, the time of 2# blast hole
detonation of 200 ps is already in the time when the 1# blast hole stress wave expands the rock fracture,
and it can be found that the stress concentration area perpendicular to the direction of the 1# blast hole
appears on the upper and lower sides of the 2# blast hole, which is the effect of the burst crack of the 1#
blast hole. With the increase of the inter-hole delay, the first blast hole blasting produces more cracks,
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which creates more favorable conditions for the detonation of the later blast hole, and the stress field

strength around the 2# blast hole increases significantly.

4.2 Stress time history analysis of feature points

In order to explore the influence of stress on the bedding, four measuring points are selected from the
wall of the blast hole to the adjacent rock layer between the two blast holes, and the spacing between the
measuring points is 1 cm, of which measuring points I and Il are in the rock formation where the blast
hole is located, and measuring points I11 and IV are in the adjacent rock layer, as shown in Figure 6, and
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the stress time history diagram at different measuring points is obtained, as shown in Figure 7.
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It can be seen from Figure 7 that after the detonation of the 2# blast hole, the stress of the
corresponding measurement points of each model quickly reaches its peak, and then decays rapidly. Due
to the influence of bedding, the stress peak of the same delay time model is generally higher than that at
measuring point I11. and IV, and the stress peak of each model at measuring point 1. is the largest, among
which the model with inter-hole delay time of 2000 ps has the largest stress peak at measuring point 1.,
reaching 457 MPa, while the stress peak of the model at measuring point IV. is only 122 MPa, which is
a year-on-year decrease of 73%. It is found that the model with an inter-hole delay time of 200 ps
attenuates by 54% year-on-year, the model with an inter-hole delay time of 1000 ps decreases by 63%
year-on-year, the model with an inter-hole delay time of 3000 us attenuates by 52% year-on-year, the
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Figure 6: Location of stress measurement points
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Figure 7: Stress time history curve
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model with an inter-hole delay time of 4000 ps attenuates by 48% year-on-year, and the model with an
inter-hole delay time of 4000 ps has the smallest stress reduction. At 200 ps, the stress wave of the 1#
blast hole is transmitted to the vicinity of the measurement point, so that the model with delay time
between the holes has a slight stress increase phenomenon at each measurement point.

4.3 Analysis of blasting damage form
The final damage results of each model are exported through the post-processing software, as shown

in Figure 8 (the time in the upper left corner of the figure represents the delay time of blast hole
detonation).
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Figure 8: Final damage form

With the increase of the delay time between holes, the damage degree of each model shows an
increasing trend, and due to the continuous action of the first burst hole, the rock mass is continuously
weakened and more cracks are formed, so that the damage effect of the post-burst hole can be further
improved. Due to the action of reflective tensile stress, more tensile cracks are formed near the free
surface of each model, and in the bedding rock mass, under the influence of the bedding surface, the
direction of the crack is shifted to a certain extent, which generally exists near the bedding and extends
in the direction of the bedding, and in the complete rock mass model, the tensile cracks near the free
plane are funnel-shaped and point to the 1# blast hole. Although the damage distribution law of the
bedded rock mass and the complete rock mass model is different, the crack formation mechanism is the
same, and when the two holes are detonated at the same time, although the stress wave superposition can
be promoted, the rock clamping effect is large, and clear penetrating cracks cannot be formed. In the
model with a delay of 200 us between holes, the damage and damage near the bedding surface in the
layered rock mass between the two holes is significant, and penetrating cracks appear between the holes,
and the damage units are distributed along the bedding plane on the bedding surface near the blast hole,
and the damage units on the bedding surface far away from the blast hole are more distributed along the
vertical bedding plane direction. When the inter-hole delay is greater than 1000 us, the delayed detonation
time between the holes is already in the time when the stress wave expands the rock fracture, and it can
be clearly found that the first blast hole extends several cracks, and the clamping effect of the rock is
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greatly weakened by the auxiliary action of the fracture, and these cracks and bedding surfaces promote
the reflection and stretching of the stress wave of the post-blast hole, which makes the dense cracks
appear around the post-blast hole, which further improves the rock breaking efficiency of the post-blast
hole. Observation Figure 8(a) and (b) show that the blasting and rock breaking effect is best when the
interpore delay between the bedded rock mass and the complete rock mass model is 4000 ps.

5. Conclusion

(2) In the bedding rock mass, the stress wave transmission is obviously blocked by the bedding, and
most of the stress is retained in the rock formation where the blast hole is located and the adjacent rock
layer, and the reflection effect of the bedding surface improves the strength of the stress field in the rock
formation near the blast hole.

(2) In the bedded rock mass, the barrier effect of the bedding plane is further reflected, and the peak
attenuation of the stress at the measurement points on both sides is larger, the model with an inter-hole
delay time of 2000 us has the largest attenuation of 73%, and the model with an inter-hole delay time of
4000 ps has the smallest attenuation of only 48%.

(3) When the inter-hole delay between the bedded rock mass and the complete rock mass model is
4000 ps, the blasting and rock breaking effect is the best, and the design requirements of the delayed
detonation time between the holes are consistent with that of the complete rock mass.
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