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Abstract—A model of gas-dynamic instability in an explosion channel using the explosive-reactive
method for rock destruction is studied. The crack propagation rates and the regions of elastic vibration
damping in a massif are determined. A critical amplitude threshold of elastic vibrations the exceedance
of which indicates crack initiation in a continuous medium is proposed.
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The results of simulation of nonstationary gas-dynamic processes during the operation of a portable
explosive-reactive complex (ERC) are presented in [1]. The use of such complexes is quite relevant for
solving a whole set of specific problems in the engineering-construction and mining industries. To
increase the efficiency of using such complexes on soils with different physicomechanical properties, as
well as on frozen and permafrost rocks, the features of development of the rock mass destruction process
during the formation of a nonstationary gas-dynamic channel should be studied in more detail [2—4].

Previous studies established that the formation of a cavity in a rock by blasting is accompanied by the
generation of an unsteady shock wave train, at whose fronts the pressure values are comparable to the pres-
sure in the detonation product (DP) jet. The calculations performed in the axisymmetric problem state-
ment showed that the rarefaction zones with a pressure lower than air pressure are formed at the same
time. Such processes were simulated by the system of equations as follows:
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where p is the DP pressure, Pa; p is the DP density, kg/m?; r and x are the radial and axial distances from
the channel center, m; v and u are the radial and axial mass velocities of DP, m/s; 7 is the time, s; k is the
isentropic index; NV is the number of medium particles in a unit mass (for cylindrical symmetry N = 1).
For setting the initial gas-dynamic conditions of the medium in the channel of the explosive-reactive
block (ERB) of the ERC and in the cavity of the well formed, we used the parameters of the undisturbed
standard atmosphere at £ = 1.4. In the model calculations, the following experimental data were used for
DP: k = 3.05; detonation velocity D = 8730 m/s; initial density of explosives p, = 1780 kg/m?. It was
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assumed that the detonation of each explosive cartridge occurs instantaneously, and the parameters at the
detonation wavefront are determined by the formula [5]

_ poD2
k+1
where P, is the DP pressure at the Chapman—Jouquet point, Pa.

System of Egs. (1) was solved by the finite-difference predictor-corrector method of second-order
accuracy in floating grids using the method of three-point smoothing [6].

The simulation showed that, during the interaction with the walls of the cavity being formed, a shock
wave reflects repeatedly, and pressure pulsations occur in the working region. A similar process is observed
in a supersonic flow jet in a damped cavity during the operation of the Hartman resonator.

The formation of resonance zones of pressure rise in the cavity being formed should also lead to non-
uniform development of the process of the destruction of the surrounding rock mass due to the different
rates of crack growth. It is hardly possible to verify this hypothesis experimentally.

In this work, we analyzed the rates of crack growth in a rock mass during ERB operation.

Due to evident challenges of studying the development of the entire gas dynamic process, in order to
analyze and perform calculations, we selected a fragment of variation in the pressure values and Mach
numbers from the simulation of the central channel during the ejection of sludge and the DP. It was earlier
established that the motion dynamics of the expanding DP in the cavity being formed would in many
respects be determined by the geometric configuration and gas-dynamic parameters of the DP [1]. In
Figs. 1 and 2 the results of distribution of the gas dynamic parameters at ejection of products of rock frac-
ture and gas in the vertical direction are shown with respect to the face area of the formed cavity [1].
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Fig. 1. Distribution of the pressure value in the central channel.

M
6L

0 0.22 0.44 0.66 0.88 1.10 1.32 1.54 1.76 L, m

Fig. 2. Distribution of Mach numbers in the central channel.
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We studied a generalized model of a massif as a continuous medium composed of rocks with medium
strength without markedly expressed fracturing. We assumed that the physicomechanical parameters of
the massif, such as the volumetric density, elasticity modulus, Poisson ratio, and acoustic stiffness, are
constant and typical of the whole study region of the development of the destruction process.

Quite a complicated process of blasting destruction in continuous medium models is the propagation
of elastic compression waves at supersonic velocity. In the near zone, such a wave has a dynamic character
with a steep leading edge and creates a complex stress state in the medium.

Simulating the development of the process of destruction of the rock mass usually involves the problem
of explosive detonation in a blast hole, a well, or a pressure charge; i.e., the position of an explosive itself
is statistically fixed and the problem is solved under conditions of cylindrical or spherical symmetry with
the generation of a shock wave, its propagation deep into a massif at a supersonic velocity, and subsequent
attenuation of the propagation velocity [7—9].

When the explosive-reactive block is in operation, the process of massif destruction becomes even
more complicated due to dynamic deepening of the charge and the gas-dynamic instability being formed
in the explosion channel. It is not easy to study such stochastic processes by mathematical simulation; this
problem can be simplified by identifying boundary and initial conditions for a particular phase of vibra-
tions.

To analyze the rates of crack growth in a rock mass for the phase of development of the gas-dynamic
process under the operation of cartridges for deepening into a rock, we determined the crack growth rate as

dr
==, (2)
dt
where r is the distance from the central channel formed due to the ERB operation to the study region in
the rock mass, m, and ¢ is the time of onset of destruction of the study region after wave arrival, s.

Vcr

Such time can be represented as the total arrival time #, of the compression wave and the time #, of the
development of destructive shear stresses

1=

i=l

The simulation step was set with respect to the appearance of different zones of the shock wave. The
near zone, the zone of appearance and propagation of a shock wave with a steep leading edge and a super-
sonic velocity, is usually detected within 3—7 radii of the explosive charge. The next zone is the zone of
intense destruction, which is typical of compression waves, where the leading edge of the wave smoothens
with the propagation velocities being similar to the sound velocities in a medium averaged over the phys-
icochemical properties, not taking into account the heterogeneity of the rock mass. The further wave
propagation has a seismic character with gradual damping. The compression wave arrival time #; can be
determined by the formula

where ¢, is the p-wave velocity in the rock mass

o= |—E0=V) 3)
o(1+v)(1-2v)

For approximate estimations, we accepted v = (.25 (Poisson ratio); for the elasticity modulus, we used
its dynamic value E,. Then, formula (3) takes on the form

¢ zl.l\/g. (4)
p

The solution to the differential equation of form (2) with respect to time #, is presented in [10]
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Table 1. Initial data for calculation

Py, MPa 20 8 8 17.5 12 5 2 0.5
L, m 0 0.25 0.5 0.75 1 1.25 1.5 1.75

where D, is the coefficient considering the crack growth rate with respect to the explosive parameters and
the physicomechanical properties of the rock mass. To solve the problem under conditions of cylindrical
symmetry

2(14 V) Genske .
TP, (k - 1) "

where G, is the ultimate tensile strength of rock, Pa; k. is the coefficient considering expansion of the
DP of the linear-shaped charge to the lateral sides; e, is the volumetric energy of the explosive, J/kg; k is

the isentropic exponent; p. is the density of the explosive, kg/m?; and r,, is the relative distance to the point
considered in a massif.

D,

cr

=1+

In the calculation, we considered the formation of the crack network in limestone with averaged
parameters: G, = 10 MPa; k. = 1.25 (for medium-hard rocks); e, = 5700 kJ /kg [11]. Substituting the val-
ues into formula (4), we obtain the coefficient D,,

D, =1+4.08x107"r,. (5)

In the calculations for finding the value of £, we used a correlation dependence between the static and
dynamic elasticity moduli

E, =0.35E,"".
The mass velocity was determined as
Vo = pi;) (©)
1

where P, is the pressure in the shock wave, Pa, and D, is the velocity of the shock wave in the rock
mass, m/s.

To analyze the crack growth rate, we considered a massif composed of sandstone with p = 2700 kg/m?
and the elasticity modulus £, = 65 GPa. An elastic detonation wave propagates across the depth from the
surface. We selected the points in the plot of pressure change (Fig. 1) and the data across the depth of the
cavity being formed, which were used in the further calculations (Table 1).

With respect to the depth of the cavity being formed L, the expression for coefficient (5) has the form

D, =1+4.98x10"* x12.5L.

Figures 3 and 4 present the calculation results as plots of change in gas-dynamic parameters of the blast
wave and the rates of crack growth in the rock mass.

Figure 3 shows the plots of fluctuation of the crack growth rate in the rock mass with respect to gas
dynamic instability at the developing front of the blast wave as the cavity deepens.

The rates of medium destruction grow at the segments of increasing pulsations of pressure. The esti-
mated crack growth rates did not exceed the values of sound velocities in this medium. It is likely that it
would be more correct to speak about the rate of development of some destroyed regions in the rock mass
than about the crack growth rate itself, taking into account the acoustic properties of the medium.

With respect to the Mach number (Fig. 4), for the gas dynamic jet in the channel of ejection, the plot
of change in the crack growth rates in the rock mass is more inertial. Supersonic pulsation of the flow
velocities in a semiclosed space leads to resonance effects in the respective regions that are determined by
the geometric parameters of the cavity and the parameters of detonation. The theoretical basis for the
occurrence of such kinds of resonance effects was considered in detail in [12].

The amplitude of elastic displacement of particles in a rock mass was estimated at the different points
of distribution of pressure values (Fig. 1) under shock wave propagation in the central channel.
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Fig. 3. Dynamics of crack growth rates with respect to pressure in a shock wave: (/) change in the DP pressure; (2) crack
growth rate.
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Fig. 4. Dynamics of crack growth due to pulsation of Mach numbers at the shock wave front: (/) crack growth rate;
(2) Mach number.

From the condition that the initial velocity of the motion of rock particles at the interface with a gas-

eous cavity is obtained by formula (6) and is the maximum velocity at this time v,,, = A,w, Where 4, is
the initial wave amplitude, nm; ® is the angular frequency, Hz, we have

P,
2nfpD,,

where P, is the pressure at the point, Pa; fis the linear frequency, Hz; and p is the rock density, kg/m?.

Ay =

Table 2 presents the values of initial amplitudes for the different points of a detonation wave.

Table 2. Initial data for calculating amplitudes of elastic wave damping for the different points of the detonation wave

Py, MPa 20 8 8 17.5 12 5 2 0.5
Study points A, A, As Ay As Ag A Ag
Ay, nm 139 54 54 118 81 34 14 3
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Fig. 5. Attenuation of the amplitudes of elastic vibrations for the unstable front of the shock wave in the rock mass: (7) 4;;
(2) Ay, A3; (3) Ag; (4) As; (5) Ag; (6) A7; (7) Ag; and (8) level of critical amplitudes of the vibrations of elastic displacement.

The value of attenuating amplitudes was calculated by the formula

A =Aoe—9r’

where 0 is the absorption coefficient for the sandstone massif & = 0.264, m~!, and r is the distance from
the central channel to the point in the rock mass, m.

We calculated the amplitude of elastic particle displacement in the rock mass (at the different points of
distribution of pressure values in a shock wave) during the shock wave propagation in the central channel.

Table 3 presents the calculation of the value of amplitude of elastic particle displacement in the rock
mass with respect to distance » from the central channel of the ERB.

Using the data obtained, we constructed the graphs of the dependence of the amplitude values of
decaying elastic oscillations in the rock mass on the distance to the central ERB channel for the points of
shock wave at consideration (Fig. 5). In the study model of the rock mass, we used the hypothesis of a con-
tinuous medium regardless of the degree of its natural fracturing and heterogeneity. The goal was to per-
form a quality study of the concept of explosive energy conversion [13], in this case, into work of brittle
failure according to Griffiths theory. The conditions for the creation of macroscopic discontinuities
(cracks) and their further growth are related to accumulation and growth of dislocation defects of the crys-

Table 3. Results of calculating the amplitudes of elastic wave damping

I::;f éi,t?l?; Distance from the central channel to a point in the rock mass », m
Ay A; 2 4 6 8 10 12 14 16 18 20
139 A, 81.2 48.4 28.5 16.8 9.9 5.9 3.5 2.0 1.2 0.7
54 A, 31.8 18.8 11.1 6.5 39 2.3 1.3 0.8 0.5 0.3
54 A 31.8 18.8 11.1 6.5 3.9 2.3 1.3 0.8 0.5 0.3
118 Ay 69.6 41.0 24.2 14.3 8.4 4.9 2.9 1.7 1.0 0.6
81 As 47.7 28.2 16.6 9.8 5.8 3.4 2.0 1.1 0.7 0.4
34 Ag 20.1 11.8 7.0 4.1 2.4 1.4 0.8 0.5 0.3 0.2
14 Ay 8.3 4.9 2.9 1.7 1.0 0.6 0.4 0.2 0.1 0.071

3 Ag 1.8 1.0 0.6 0.4 0.2 0.1 0.075 0.044 | 0.026 | 0.015
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tal structure. The analysis of the results of studying the features of crack growth in the different materials,
including rocks [14—19], made it possible to identify the level of the lowest amplitudes of elastic vibrations
the exceedance of which indicates crack initiation in the rock mass, in this case, the model rock mass, by
assigning the value of interatomic planes for the crystal structures.

The performed calculation of the crack growth rates in the rock mass under the explosive-reactive
method of destruction and the earlier simulation of gas-dynamic processes leads us to the following con-
clusions. (1) The estimated crack growth rates in the rock mass correlate with the sound velocities for the
study rocks but do not exceed them in value. (2) The process of rock mass destruction refers to nonlinear
processes corresponding to the resonance character of pressure pulsation in the gas-dynamic DP jet.
(3) The growth of crack rates in the rock mass coincides with the growth of pressure in the shock wave,
with the crack growth process dying at the peak of the wave pressure. (4) The fluctuation character of the
change in amplitudes of the crack growth rates suggests the formation of regions with different intensities
of destruction. (5) The critical amplitude threshold of elastic vibrations is proposed to be 3 nm, exceed-
ance of which indicates crack initiation in the continuous medium. For the study model, during the oper-
ation of the ERC ERB, the maximum depth at which the local regions are destroyed in the massif'is about
13 m. The most intensely destroyed region is found within a radius of 4—5 m from the central channel.
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