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Abstract.

The propagation mechanism of blast waves in rock materials is hard to test. This paper explores the propagation

mechanism of blast-induced strain waves in coal and rock using physical modeling together with numerical modeling. The
results show that the strain waves in coal blocks were weaker than that in mortar blocks under the same blast loading. With
increasing distance, the strain waves induced by the shock wave show a slighter decrease in coal blocks in the radial direction,
but show a stable tendency in coal blocks and a slight decrease in mortar blocks in the tangential direction. However, the strain
waves induced by the explosion gas show a stable tendency in both coal and mortar blocks. The actuation duration of strain
waves in coal blocks is longer than that in mortar blocks. The gap of the radial strain waves induced by shock waves is narrowed
gradually and moved similarly equal to each other both in coal and mortar blocks with increasing distance. The simulated results
show similar values in coal and mortar blocks as compared with the test results. The coal blocks have a better fracturing effect

than that of the mortar blocks in the physical test.
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1. Introduction

Blast technology has been widely employed in
exploitation of natural resource, construction of railway and
tunnels, prevention of geological hazards and development
and dismantling of urban buildings (Li et a/. 2018). How to
break the rocks and concrete efficiently by using the energy
of explosives is vital for blasting engineering. The
propagation mechanism of blast waves, including shock
waves and explosion gas, and fracturing law in the internal
of rock materials are of importance and is hard to test.
However, it is still a challenging task for researchers to
investigate the blast-induced strain waves and fractures in
rock materials for its opacity. Due to the complexity of
geological conditions and the construction environment, it
is impossible to conduct in-situ tests. Therefore, physical
models that can re-establish the conditions close to the real
situation were used by previous researchers to simulate the
blasting processes (Cho et al. 2008, Sarfarazi et al. 2021,
Kim and Yi 2020, Choi et al. 2018, Kong et al. 2019, Cheng
et al. 2020).

It is widely accepted that the process of blast waves is
mainly consisted of shock waves and explosion gas with
high temperature and pressure (Gao 2010). Due to the
complexity of the process, special testing equipment and
technologies are needed to measure the blast waves
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(Petropoulos et al. 2018, Rashad et al. 2019, Jayasinghe et
al. 2019). Qiu (2019) employed high-speed photography to
study the propagation of cracks in mode I under blast
loading by caustics method. Liu (Liu ef al. 2018) tested the
explosion strain waves in mortar blocks by using the
resistance strain gauges in the ultra-dynamic strain test
system. The electrical measurements are most common
methods for its inexpensive, repeatability and ability to test
compression and tensile strain waves simultaneously.

As an alternative method, numerical modeling has
become an effective method to investigate the process of
blast waves with impressive results/achievements (Jean et
al. 2019, Barla et al. 2012, Ajamzadeh et al. 2018). Shi (Shi
et al. 2007) studied the influence of the supported mass
ratio, column stiffness, the distance from the charge to the
dimension, mass and geometry of the column, on the blast
wave-column interaction by using AUTODYN 3D.

Based on the review of previous research, the
propagation mechanism of blast-induced strain waves was
investigated mainly in rock and concrete blocks. However,
limited works have been carried out in coal blocks in the
literature (Gary and Bailly 1998, Sarfarazi et al. 2018). The
comparison of blast-induced strain waves in coal and rock
is even not found in the literature, which has important
significance and worth to have a deep study. The resistance
strain gauges and ultra-dynamic systems were used to test
the strain waves in coal and mortar blocks at different
distances from the charge in this paper. The measured
waveforms were analyzed and the propagation mechanism
of blast waves in coal blocks and mortar blocks were
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compared. The numerical software ANSYS/LS-DYNA with
erosion criterion was used to simulate the propagation of
blast-induced strain waves and fractures. The measured and
simulated results are compared and included in the
following sections.

2. Physical modeling and test system
2.1 Blocks preparation

The size of strain bricks was 20 mm x 20 mm % 20 mm
for coal materials and 180 mm x 20 mm X 10 mm for
mortar materials. The strain bricks were poured with
compound materials and removed after 48 hours of curing.
The coal bricks were prepared by using coal powder,
cement, and water with a ratio of 2.5:2:1. Mortar bricks
consisted of cement (PC32.5), sand and water with a ratio
of 1:2:0.5. The resistance strain gauges were used to obtain
the signals of blast waves during the explosion process.
Along with the propagation of blast waves from the charge,
the gauges were set in the surface of the bricks in tangential
and radial directions. The strain bricks with resistance strain
gauges of coal materials and mortar materials are shown as
follows.

Fig. 3 Mortar strain bricks

The strain bricks with the same materials and formula
were poured to make the test blocks. The compound
materials were poured into a cylindrical mold with a
diameter of 400 mm and a height of 400 mm for coal
materials and a diameter of 400 mm and a height of 450
mm for mortar materials. First, coal materials were poured
to the half-height and mortar materials were poured to 200
mm with a vibrating rod to vibrate and density the
compound materials. Then, the strain bricks were installed
in the materials as shown in Fig. 4 for coal block and Fig. 6
for mortar block, respectively. The embedding strain bricks
for coal blocks were shown in Fig. 5 and for mortar blocks
were shown in Fig. 7. The distances of the strain bricks
were 50 mm, 100 mm and 150 mm from the center of the
charge. The strain bricks were inserted 80 mm into the first
layer in mortar blocks. The designed diagrams and first
layer poured were shown as follows.

After that, the second layer of the compound materials
was poured slowly into the mold to reach its top with
appropriate applied vibration. A steel rod with a diameter of
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Fig. 4 The designed model for coal blocks (unit mm)

Fig. 5 Location of the embedded strain bricks in the coal
blocks
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Fig. 6 The designed model for mortar blocks (unit mm)
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Fig. 7 Location of the embedded strain bricks in the
mortar blocks

7 mm was located in the center of the mold to form a
borehole, see Figs. 4 and 6. Three sets of the blocks were
poured and cured with 28 days for the test of blast-induced
strain waves.

2.2 Mechanical and physical parameters tests
A series of small-scale tests on the cubic coal and mortar

blocks (150 mm X 150 mm x 150 mm) are carried out to
derive the mechanical properties of coal and mortar

(a) Testing instrument

materials. The compound materials used in above-section
were poured into the cubic molds. The mechanical
properties of the compound blocks were obtained by using
uniaxial compression tests and our previous theory
calculations (Liu ef al. 2018). The P-wave velocities of the
coal and mortar blocks were tested by using a CTS-25 non-
metallic ultrasonic detector as shown in Fig. 8. The elastic
modulus and compressive strength of the blocks were
measured by using the DH3816 static strain test system and
the CSS-YAW3000 electro-hydraulic servo pressure frame
and the stress strain curve of mortar block was shown in
Fig. 9.

Due to the Poisson’s ratio x# and the shear wave velocity
C, cannot be measured directly, the elastic relationships of
them can be used to calculate the results as follows.

E(1—pw
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where C, is the velocity of longitudinal wave, E is the
elastic modulus, u is the Poisson’s ratio, p is the density,
C; is the velocity of transverse wave.

The measured data from the three sets of mortar cubic
blocks and three sets of coal cubic blocks were averaged.
The measured and calculated mechanical parameters of the
coal and mortar blocks are summarized in Table 1.

2.3 Test system

The test system consists of a ultra-dynamic strain test
system, dynamic data-acquisition system, and some
magnetic shielding circuit which can filter noise signal
during the process of the test, see Fig. 10. The 120 Q
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(b) stress strain curve

Fig. 9 Compressive test of mortar blocks

Table 1 Mechanical and physical parameters for compound coal and mortar materials

. . Compressive Elastic Poisson’s Velocity of Velocity of
Ratio Density . L
Blocks C.C:W [e.cm™] strength modulus ratio longitudinal wave transverse wave
e ple f. [MPa] E [GPa] " C, [ms] Cs [m.s]
coal 25:2:1 1.33 9.4 36.2 0.3 6053 2916
mortar 1:2:0.5 2.1 40.05 29.30 0.28 4231 2339




146 Fei Liu, Mingzhong Gao, Ziru Guo, Changtai Zhou and Jun Wang

Table 2 Parameters of the strain test system

Channels Resistance of Voltage of Factor of Range of Methods of
bridge [Q] bridge [V] strain K balance balance
8 60~5k 2/4/8 2 +3% automatic
Resistance input Sensitivity Multiple of Noise ratio Work temperature Voltage output
[MQ] [V/ne] increase [dB] [°C] [V]
> 100 0.1/100 10/30/100/300/1000 > 40 0~40 +5

(a) Front view

(b) Back view

Fig. 10 The ultra-dynamic strain test system for coal blocks

resistance strain gauges with the sensitive grid of 2.0 mm x
4.0 mm, the substrate of 3.5 mm x 6.5 mm and the
sensitivity coefficient of 2.08 + 0.01 are used in the test. A
frequency response of DC-2500 KHz (-3 dB) with the
function of compensation and automatic correction is
integrated in the test system. The corresponding parameters
of the test system are summarized in Table 2.

Physical experiments of the coal and mortar blocks are
shown as Fig. 10. The external power supply was turned off
temporarily during the testing.

The protective plate is removed and the boundary of the
block is uncovered to measure reflected tensile waves on
the free surface. The shielded cable is used in the test
system to remove the interference of the external
electromagnetic circumstance. To reduce the interference of
the current, the traverse lines (10 m long) are used and the
grounding wires are earthed.

3. Measured results and analysis
3.1 Signal transformation

The charge used in current study is a number 8 Nonel
detonator to avoid the interference of electronic noise. The
amount of explosive uses was 0.6 g RDX with a detonation
velocity of 8700 m/s. The measured data are compared and
the best waveform is used for analysis. The measured strain
waves for the tangential direction in coal blocks and radial
direction in mortar blocks at 100 mm from the borehole are
lost as the channel No. 2 was broken. For the characteristic
of the resistance strain gauges, the measured data are
voltage signals, which can be converted to strain signals by
using Eq. (3) as follows

4,
" KU, A

&

(€)

where &; is the dynamic strain, K is the sensitivity
coefficient, U; is the voltage of bridge (V), U, is the
voltage of output (V), A is the gain (100).

3.2 Analysis of strain waves

The measured strain waveforms in different directions
of coal and mortar blocks are plotted in Figs. 11 and 12. As
shown in Figs. 11 and 12, the radial strain wave is shown as
a positive signal and the tangential strain wave is shown as
a negative signal. Due to the directions of the coal strain
bricks are hard to fix, the direction of the measured
waveforms is not standard. The direction of strain waves in
coal is changed to have a better analysis as compared to the
mortar blocks. All signals are not filtered and the
waveforms are shown as follows.

As shown in Figs. 11 and 12, the blast-induced strain
wave has a larger peak that follows a small peak of the
waveform. It is known that the process of the explosion is
consisted of explosion gas and strain waves according to
previous research (Rahmani et al. 2020). The first small
peaks are negative in all the radial strain waves and positive
in all the tangential strain waves. It may lie in that the
compression of strain waves in radial direction and tension
of strain waves in the tangential direction. However, the
larger peak following the small peak is positive in both
radial and tangential directions. That is due to the sudden
leak of explosion gas and the reflected tensile waves
appeared in the cracks.

The peaks of the waveforms in coal blocks are smaller
than that in the mortar blocks, which means that the
explosion waves cause a smaller strain in coal than that in
mortar. The peaks of strain waves in coal blocks are gentle
and have no sharp peak compared with that in mortar
blocks. The actuation duration of both shock waves and
explosion gas in coal blocks is longer than that in mortar
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Fig. 11 Radial strain waves of coal and mortar blocks
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Fig. 12 Tangential strain waves of coal and mortar blocks

blocks. This is due to the coal materials have a smaller
elastic modulus than that of mortar, which can slow down
the propagation of shock waves and explosion gas in coal
blocks.

In detail, the peak of first shock wave shows a slight
decrease in coal blocks but a larger decrease in mortar
blocks in the radial direction from 50 mm to 150 mm.
However, the larger peak caused by the explosion gas
shows a stable and unchanged tendency in both coal and
mortar blocks in the radial direction. In the tangential
direction, the peak of shock wave shows a stable tendency
in coal blocks and a slight decrease in mortar blocks from
50 mm to 150 mm. And the peak caused by explosion gas
shows an unchanged tendency in both coal and mortar
blocks. In general, the mortar blocks have a stronger
hindrance to the propagation of strain waves caused by

Table 3 Peak of strain waves

shock waves than that in coal blocks. And they both have no
obvious hindrance on the propagation of strain waves
caused by explosion gas.

As shown in Fig. 11, the actuation duration of shock
waves has a small decrease from about 20 ps at 50 mm to
16 ps at 150 mm in the radial direction in coal blocks. And
it has a similar tendency from about 10 ps at 50 mm to 8 ps
at 150 mm in the mortar blocks. The actuation duration of
explosion gas is about 30 ps in different points and almost
invariable in coal blocks. However, it has a decreased
tendency from 25 ps at 50 mm to 20 us at 150 mm in
mortar blocks. As shown in Fig. 12, the actuation duration
of strain waves is about 15 ps in different points and almost
unchangeable in coal blocks in the tangential direction. But
it has an obvious decrease from about 12 ps at 50 mm to 3
ps at 150 mm in mortar blocks. The actuation duration of
explosion gas almost keeps the same as about 26 us in
different points in coal blocks, but it has an increasing
tendency from about 15 ps at 50 mm to 22 ps at 150 mm in
mortar blocks.

The detailed peak values of the strain waves in coal and
mortar blocks are compared and the test results are shown
as Table 3.

As shown in Table 3, the peak values of the strain waves
caused by shock waves and explosion gas in coal and
mortar blocks at both radial and tangential directions are
listed except for some missing points. A detailed analysis is
included as follows.

For radial strain waves, as they were caused by shock
waves, the initial absolute peak value of strain waves was
1.2 x 10* ne in coal block and far less than that in mortar
block (4.1x10* ne) at the distance of 50 mm. With
increasing distance, the gap is narrowing (0.8 x 10* ue in
coal block and 1.1 x 10*ue in mortar block at the distance
of 150 mm). This is because the strain waves attenuated to
elastic vibrational waves gradually and have a less energy
attenuation with increasing distance. However, as the radial
strain waves were caused by explosion gas, the gap of peak
values at the same point was almost unchanged with
increasing distance (2.0 x 10*ue in coal block and 9.0 x 10*
pe in mortar block at the distance of 50 mm and that was
2.0 x 10* ue and 8.9 x 10* pe in coal and mortar blocks
respectively at the distance of 150 mm). That is because the
explosion gas can fill with the cracks instantly and will not
be affected by the distance.

Test results

Distance from explosive [mm)]

50 100 150
Coal -1.2 -1.0 -0.8

Shock wave
. Mortar -4.1 — -1.1

Radial
) Coal 2.0 2.0 2.0
Peak value of Explosion gas Mortar 9.0 — 8.9
strain wave Coal 09 1.0
4 oa . — .

[107 pe] Shock wave

) Mortar 4.6 39 3.7
Tangential
) Coal 2.2 — 2.3
Explosion gas

Mortar 6.1 6.4 6.6
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(a) Coal block

(b) Mortar block

Fig. 13 Explosion effects

For tangential strain waves, as they were caused by
shock waves, the absolute peak value of strain waves was
0.9 x 10*ue in coal block and far less than that in mortar
block (4.6 x 10* pe) at the distance of 50 mm. With
increasing distance, the gap is narrowing (1.0 x 10* ug in
coal block and 3.7 x 10*pue in mortar block at the distance
of 150 mm). When it comes to the strain waves caused by
explosion gas, the gap of peak values widened with
increasing distance (2.2 x 10% pue vs. 6.1 x 10 pe at the
distance of 50 mm and 2.3 x 10*ue vs. 6.6 x 10* ue at the
distance of 150 mm). That is because the tangential strain
waves have a small decrease with increasing distance.

3.3 Explosion effects

The final fracturing fragment after explosion of coal and
mortar are shown in Fig. 13.

It can be seen from Fig. 13 that the two blocks are both
broken into many fragments. The coal block is broken
sufficient with more fragments compared with the mortar
block (six huge fragments). It may lie in that the coal block
has a weak tensile strength than the mortar block. As is
shown in Fig. 13(a), the fragments around the borehole are
thrown out from the internal of the coal block and formed
an explosion crater. However, the mortar block is only
broken into six huge fragments and some small fragments
with no explosion crater. It may due to the tensile strength
of the mortar materials is greater and the energy of the
explosive can hardly break it into small pieces.

4. Numerical simulations
4.1 General considerations

Numerical simulation is also an effective way to analyze
this complex problem (Nelson and O’Toole 2018). The
propagation mechanism of explosion strain waves and
cracks in coal blocks and mortar blocks are compared by
using ANSYS/LS-DYNA numerical analysis. The
dimensions of explosive, stemming, coal and rock are
modeled in the simulation models according to the test
blocks as shown in Figs. 4 and 6. The model as simplified
into a single-layer solid grid model for modeling and
calculating facilitated (Shi ef al. 2005). The free surface at

the top, bottom and both sides of the model are set for
closer to the physical models. The Arbitrary Lagrangian-
Eulerian (ALE) in the finite element method (FEM) and
fluid-solid coupling algorithm are used to make connections
between the two materials, so that substances can flow in
the grid to avoid severe structural distortions of the
elements. The mechanical parameters of coal and mortar
materials from Table 1 are used for numerical modeling.
Note that the quasistatic properties of coal and mortar
materials were used for numerical simulation for
simplification. The material properties of stemming, coal
and mortar are implemented in the model following the
procedures of the LS-DYNA keyword user’s manual (LSTC
2003).

4.2 Explosive and Equation of State (EOS)

In this paper, the RDX is used as the high-energy
explosive with the parameters as follows: Density is 1630
Kgem?; Chapman-Jouget pressure is 2.7 GPa; Detonation
velocity is 6930 mes'. The JWL equation of state (EOS),
proposed by Jones-Wilkens-Lee, is used to represent
material parameters of explosive material which related the
pressure to the specific volume generated by the process of
detonation (Lee et al. 1968). It has been widely used in
blasting calculations and can be written as

w w wE
P=A(1-——)e RV B(l——) RV 2 (4
( RlV)e * Rv)e Ty @

where Ej is the initial specific internal energy, 7.0 MJ; P is
pressure in MPa; V is the relative volume of initial, 1.0; the
characteristic parameters of the material as Ri, R», 4, B, and
w are 371 GPa, 7.43 GPa, 4.15, 0.95, and 0.07, respectively.

4.3 Stemming properties

The Plastic-Kinematic type is used as the constitutive
behavior for coal and rock which can be used to model the
strain-rate effects of kinematic hardening plasticity. The
parameters for the two materials can be obtained from the
test results of the standard blocks. The von Misses type and
the keyword *MAT SOIL AND FOAM with elastic-
plastic behavior are used to model the stemming material.
The parameters are summarized in Table 4 (Bai 2005).
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Table 4 Material parameters of stemming (Bai 2005)

D(?gnzlr;yé )po Shear(r(l;cf))(;l)llus/G Bulk (n(l}(inil;luS/K Ao Al A PoKN) EPS|  EPS:
1.80 1.601E-4 1.328E+2 3.3E-3 1.31E-7 0.1232 0.0 0.0 0.05
EPS;s EPS; EPS;s EPSs EPS; EPSs EPSy EPSino P
0.09 0.11 0.15 0.19 0.21 0.22 0.25 0.30 0.0

P> P3 P4 Ps Ps P7 Ps Py Pio
3.42E-2 0.453 0.676 0.127 0208 0.271 0392 0.566 1.23
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Fig. 14 Radial strain waves for coal and mortar blocks

Note, Ao~A> are constant of yield function
corresponding to plastic yield, EPS;~EPS)¢ are volumetric
strain values (natural logarithmic values), and P~P)o are
volumetric strain values which corresponded to pressures,
in KN.

4.4 Simulated results and analysis

The coal model and mortar model are calculated
respectively. The strain waves at 50 mm, 100 mm, and 150
mm from the charge in coal block and mortar block are
extracted out and compared. As the models are single-layer
solid grid and the software cannot simulate the propagation
of explosion gas as it enters into the cracks and makes the
tensile fractures, the strain waves caused by explosion gas
are not obtained. The strain waves generated by the shock
wave in coal and mortar blocks are shown as Fig. 14.

(a) Coal block

As shown in Fig. 14, the radial strain waves in coal
blocks are far weaker than that in mortar blocks. Compared
with the test results, the strain waves of numerical results at
different points in the two types of blocks also have a
decline trendy with increasing distance. In details, the
absolute peak values of strain waves in coal blocks have a
slight decline trend from about 1.0 x 10*ue at 50 mm to 0.5
x 10*pe at 150 mm. It is consistent with the physical test
result. However, the absolute peak values of strain waves in
mortar blocks have a large decline trend from about 4.3 x
10% pue at 50 mm to 1.2 x 10*ue at 150 mm. They also have
similar values compared to the test results, which show that
the test results are reliable.

An erosion criterion was used in these models to
simulate the propagation of fractures under explosion
loading. The elements of explosives are removed to have a
better view of the broken effects on the coal and mortar
blocks. The final crushing effects of coal and mortar blocks
are shown as Fig. 15.

As seen from Fig. 15, many cracks are created in both of
the two models. The explosion cavity appeared around the
charge in both of them which was caused by the
compression effects of an intense impact. At the corners of
the models, a large number of cracks are concerned and
shown on the diagonal angle, which is due to the compress
strain waves propagated to the free surface at the corners
and the reflection effect appeared. Then the compress strain
waves are converted into reflected tensile waves and
observed on the diagonal angle to have the tensile fractures.
The coal and mortar materials can be broken easily by
tensile waves as they have a weak property of tensile
strength.

(b) Mortar block

Fig. 15 Final crushing effects of the coal and mortar blocks
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The coal block has concentrated fractures, but the
mortar block has more dispersive fractures. In detail, more
cracks appeared around the boundary of the coal block than
that in the mortar block. And fewer cracks appeared in the
center zone of the coal block than that in the mortar block.
That is because the explosive used with a high detonation
velocity, which can make compression fractures easily in
the materials with high compress strength. The induced
blast waves break the boundary of coal blocks into
persistent fractures, resulting more small fragments, while
more small local fractures are formed in mortar materials,
leading to large fragments. Therefore, the simulation results
are consistent with experimental observations in Section
3.3.

5. Comparison of measured and simulated results

The radial and tangential strain waves in coal and mortar
blocks were compared and discussed by using test and
numerical methods. The validation of measured results on
coal and mortar blocks was conducted by comparing with
the simulated results. Due to the tangential strain waves
cannot be obtained and the propagation of explosion gas
cannot be simulated in the single-layer solid grid, the radial
strain waves are modified and the measured and simulated
results in coal and rock blocks are compared in Figs. 16 and
17.

As shown in Figs. 16 and 17, the simulated results have
a similar tendency with the measured results in both coal
and mortar blocks. As shown in Fig. 16, the radial strain
waves at the distance of 50 mm, 100 mm and 150 mm from
the charge in coal blocks are measured in physical models
and simulated in numerical models. The peak values of
simulated strain waves are slightly greater and lager than
that of the measured results at all test points, which may due
to the block of bedding planes and cracks in physical
models. However, the simulated strain waves in mortar
blocks have a good similar tendency with that of the
measured results, see Fig. 17. It indicates that the measured
and the simulated results are reliable.
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Fig. 16 Comparison of radial strain waves in coal blocks

6. Conclusions

The blast-induced strain waves and fractures in coal and
mortar blocks were compared by using physical modeling
and numerical calculations. Some conclusions were
summarized as follows.

The coal blocks have a smaller strain effect than mortar
blocks under the same blast loading. The peaks of strain
waves in mortar blocks were sharper than those in the coal
blocks. The actuation duration of the shock waves and
explosion gas in coal blocks were all longer than that in
mortar blocks. The actuation duration of shock wave and
explosion gas was shown as a small decrease tendency in
both coal and mortar blocks with increasing distance,
except for that of explosion gas is invariable in coal blocks
in the radial direction. In the tangential direction, the
actuation duration of both shock waves and explosion gas in
coal blocks almost kept the same. However, that of shock
waves showed obviously decrease and that of explosion gas
shows a small increase tendency in mortar blocks.

In the radial direction, the strain waves caused by the
shock wave showed a slighter decrease in coal blocks than
that in mortar block with increasing distance. However, the
strain waves caused by the explosion gas showed a stable
and unchanged tendency in both coal and mortar blocks. In
the tangential direction, the peak of strain waves caused by
shock wave showed a stable tendency in coal blocks and a
slight decrease in mortar blocks with increasing distance.
And that caused by explosion gas showed an unchanged
tendency in both coal and mortar blocks.

With increasing distance, the gap of the radial strain
waves induced by shock waves was narrowed gradually and
moved similarly equal to each other both in coal and mortar
blocks. However, that induced by explosion gas were
almost unchanged. The gap of the tangential strain waves
induced by shock waves was narrowing but that induced by
explosion gas was widening with increasing distance.

The radial strain waves caused by the shock waves
showed similar values in coal and mortar blocks in
numerical results as compared with test results. The
fractures were concerned in coal blocks in numerical
calculations, but they were more dispersive in the mortar
blocks. The physical modeling tests showed that the coal
block is broken into fragments with an explosion crater, but
the mortar block was broken into six huge fragments with
little small pieces.
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Fig. 17 Comparison of radial strain waves in mortar blocks
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List of symbols

Cp Velocity of longitudinal wave
E Elastic modulus

u Poisson’s ratio

p Density

C; Velocity of transverse wave
&4 Dynamic strain

K Sensitivity coefficient

U, Voltage of bridge

U, Voltage of output

A Gain (100)

Ey Initial specific internal energy
P Pressure

V Relative volume of initial, 1.0;

Ao~A>  Constant of yield function corresponding to

plastic yield

P\~Py  Volumetric strain values which corresponded to
pressures

EPS\~EPS)o Volumetric strain values (natural

logarithmic values)

Ri, Ry, A, B, w  Characteristic parameters of the material





