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Abstract. In deep rock blasting, there are different constraint conditions such as unidirectional
loading, bidirectional loading and tridirectional loading due to in-situ stress. The similar model
test of rock blasting under unidirectional load was carry out to study the law of crack propagation
in rock by blasting in this study. A transparent material which conformed to the mechanical
properties of hard rock is used to make specimens. A high-speed camera was used in some model
blasts. After blasting the surface cracks on the specimen were measured, including the near zone
and middle zone of blasting. The results showed that: (1) the radial main cracks in the specimens
under initial static load propagated along the principal stress direction, which is different from that
without initial stress, and there is almost no radial main crack in the direction perpendicular to the
principal stress. (2) The average length of radial crack and diameter of circumferential fracture
circle gradually decrease with the increase of unidirectional initial stress, but the diameter of
compression crushing circle increase. (3) The maximum and average initial velocity of radial crack
growth decrease with the increase of unidirectional initial stress.
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Nomenclature

a Similarity ratio

L Length

u Poisson's ratio

y Bulk density

Ot Tensile strength

3 strain

Q Angle of internal friction
é Displacement

E Modulus of elasticity
o Stress

o, Compressive strength
XY Z Volume forces

C Cohesion

T Time

subscript p  Subscript of each physical and mechanical parameter represents the prototype
subscript m  Represents the model
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1. Introduction

With the transformation of modern mine mining from shallow to deep, rock mass exists in the
environment with high in-situ stress. It leads to changes in the theory of rock blasting and crushing
and the stability mechanism of surrounding rock in deep mine compared with that in shallow mine,
which urgently needs to be improved and enriched [1].

Many studies have been carried out on the influence of in-situ stress field on cracking of rock
mass and effect of rock fragmentation by blasting [2-7]. Such as, Yang et al. [8] studied the
dynamic mechanical behavior of crack initiation and propagation by blasting with the situation of
blasthole through rock bedding under the state of high in-situ stress by using laboratory model
experiment. In order to study the dynamic mechanical behavior of main crack in slotted cartridge
blasting under the action of unidirectional confining pressure, Yue et al. [9] used a new digital
laser dynamic caustics experimental system to carry out several groups of blasting optical
measurement experiments. In addition, Yang et al. [10] used numerical simulation method of
smoothed particle hydrodynamics coupled with finite element method (SPH-FEM) to study the
propagation and penetration process of cracks between blastholes under high in-situ stress, and
analyzed the dynamic evolution process and distribution characteristics of stress field around
blastholes.

In the experiment and production practice, it was found that hole blasting in the medium with
dynamic and static stress fields presented a few of phenomena for preferential crack initiation,
good blasting effect and low explosive consumption, which Zhang described as “waveguide
effect” [11]. He believed that the dynamic response of rock mass would be changed due to the
existence of complex in-situ stress in the rock mass. In this regard, Xiao [12] proposed the
principle that the initial stress field had a “guiding effect” on the propagation of cracks. In
summary, researchers generally believed that the propagation direction of crack in rock by blasting
under the condition of in-situ stress was toward to the direction of maximum principal stress [13,
14], but they hold different views on its mechanism, which was still controversial.

In addition, the most of current research results were about the influence of in-situ stress on
the longest main crack, while there were few studies on the effect of in-situ stress on the
circumferential fractured zone in middle blasting area. Therefore, the blasting model test of
transparent rock under the action of confining pressure in this study was carried out to study the
mechanism of in-situ stress on crack propagation by blasting, and reveal the law of the in-situ
stress effecting on the direction, length and speed of crack propagation by blasting, as well as
diameter of the circumferential fractured zone in middle blasting area.

2. Experiments
2.1. Test device

The in-situ stress constrained on deep rock mass is simulated by using a self-developed device
for model test, which has plane stress loading system, data measurement system and high-speed
photography system [15]. The device consists of three parts, which are stress loading platform, oil
pressure station, high-speed camera suspension, as shown in Fig. 1.

The stress loading platform can provide confining stress for model specimens with the
maximum size of 500 mmx500 mmx100 mm (lengthxwidthxheight). The rated power of oil
pressure station used for loading platform is 5 MPa, the extreme power is 7 MPa, and the piston
area of a single oil cylinder is 7.065 cm?. If this device is used to load model specimens with the
size of 300 mmx300 mmx20 mm, the rated load concentration and ultimate load concentration
that could be reached inside the specimen were 1.1775 MPa and 1.6485 MPa respectively, which
basically satisfied the uniform condition of stress field in the model.
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High speed
camera

Hydraulic station

Fig. 1. Device for plane stress loading on model specimen
2.2. Similarity coefficient

The deep roadway project of Dingji Coal Mine in Huainan mining area is taken as the
prototype for model test. The in-situ stress field in this mining area is mainly dominated by
horizontal tectonic stress [16]. The buried depth of roadway is 910 m [17], the cross-section shape
of which is semicircular arch, and the cross-section size is 5000 mmx3880 mm. The roadway is
mainly located in the stratum of medium sandstone and siltstone, and the physical and mechanical
parameters of protolith are shown in Table 1.

Table 1. Physico-mechanical parameters of prototype rock
Material type | y/KNm> | E/GPa | C/MPa | ¢ /° U o./MPa | g,/ MPa
Sandstone 27 12.97 10.00 43 0.268 135 21.5
Note: y — bulk density, E — deformation modulus, C — cohesion, ¢ — internal friction angle / (°),
u — Poisson’s ratio, o, — compressive strength, o; — tensile strength

At present, the most commonly similar material used in experiments of rock blasting is cement
mortar [18]. However, the cracks cannot be directly observed in models made by cement mortar
after blasting. Therefore, a kind of transparent hard rock-like material was used to make models
in this study. This transparent hard rock-like material is made of a mixture of rosin saturated
solution (RSS), epoxy resin (ER) and curing agent (CA), and its physical and mechanical
properties are similar to those of hard rock through relevant tests [19]. The basic physical and
mechanical parameters are shown in detail in Table 2.

Table 2. Basic mechanical parameters of transparent rock-like materials
Physical quantities p C E / MPa U o./ MPa 0. / MPa
Numerical value 1230 2423 360-1802 0.26-0.31 3.29-96 0.259-7.22
Note: p — density / kg'm™, € — compressional wave velocity / (m/s)

In similar systems, the ratio of the same physical quantities is called similarity ratio, that is,
“prototype physical quantity (P)/model physical quantity (M) = similarity ratio («)” [20]. The
similarity relation between various physical quantities of model test can be obtained as:

ISSN PRINT 1392-8716, ISSN ONLINE 2538-8460, KAUNAS, LITHUANIA 8 87



TEST AND MECHANISM ANALYSIS FOR CRACK PROPAGATION BY BLASTING IN ROCK UNDER THE CONDITION OF UNIDIRECTIONAL LOAD.
JINJIN GE, YING XU

a, = lLa, = l,a(p =1,

as = a;,
Ay = Ay = Ay = (Xy,
U = Q- ay' (1)

Laae = Qg =0 = Q¢ = g,

(ZT:\/(Z_L.

The geometric similarity coefficient selected for model tests is 16.7 (a;) in this study. The
similarity coefficient for bulk density could be calculated that a, =2.2. Hence, it can be
calculated by above formulas as a, = 36.7 (stress similarity coefficient), ay = 36.7 (elastic
modulus similarity coefficient), @, = 36.7 (cohesion similarity coefficient), a; =4.15 (time
similarity coefficient).

2.3. Blasting charge

It had been shown that using uncoupled charge in rock blasting can enlarge the range of
fractured zone and make full use of explosive energy [21-24]. The method of uncoupled charge is
used in model test for rock blasting, and the diameter for blasthole is designed to be 4 mm, the
diameter for charging is 3 mm, and the height for charging is 20 mm. A relatively safe and stable
small detonator is selected as the explosive in this test, and its main component is DDNP. The
prototype explosive is a three-level permissible water-gel explosive for coal mine, with a density
of 1.1 g/cm? and a detonation speed of 3600 m/s. The model explosive is DDNP in bulk, with a
density of about 0.7 g/cm® and a detonation speed of 5400 m/s. It can be obtained through
calculation that C,Cp, = 1.047 (C, is the density ratio of prototype explosive to model explosive,
and Cp is the detonation velocity ratio of prototype explosive to model explosive), which basically
meets the principle of “similar blasting energy of explosives” [25]. The detailed charging structure
is shown in Fig. 2.

Small detonator Plastic discs for
‘\ fixing small detonator

Model specimen \

==

I*iwi“!

300 Unit:mm

Fig. 2. Schematic diagram for charging structure

It can be seen from Fig. 2, the blasthole for charging is located in the center of specimen, and
the two ends of it are bonded with 1 mm thick plastic discs, which are used for fixing the special
small detonator.

2.4. Test scheme

According to the making method for transparent hard rock-like material [19], flat plate
specimens with a size of 300 mmx300 mmx20 mm are made for blasting model tests by use the
mass ratio of 10:10:1 (namely epoxy resin: curing agent: saturated rosin solution).

The buried depth of simulated rock mass designed in tests is from 0 m to 1600 m, so the
corresponding loading stress values simulated confining pressure of vertical is from 0 MPa to
1.168 MPa according to C,; = 36.7 (stress similarity coefficient) and o, = yH (vertical stress).
The four groups of loading schemes designed in actual model tests are shown in Table 3.
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Table 3. Test scheme for blastin;
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of transparent model specimens

Specimen number | Buried depth/ m | Cp design/ MPa | Cp loading / MPa
TFG-0 0 0 0
TFG-1 400 0.3 1.2
TFG-2 1000 0.743 3.1
TFG-3 1600 1.168 4.8

Note: Cp — confining pressure

3. Results and analysis

As shown in Fig. 3, it was the model specimen after explosive explosion, where the
propagation of cracks by blasting could be clearly observed.

b) o, = 1.2 MPa

'

¢) o, =3.1 MPa

d) g, =4.8 MPa
Fig. 3. Transparent model specimens after explosion

Based on the existing explosion theory after explosion of explosives embedded in infinite
rocks [26, 27], different damage zones from near to far with charge as the center would be
produced in rocks. According to the characteristics of the fractures in the rock surrounding a
blasthole, the rock damage region was divided into a crushed zone, a fractured and an elastic
vibration zone [28].

It can be seen from Fig. 3, the postblast specimens displayed a wide range of damage. The
damage area in specimen TFG-0 after explosion with uncoupled charge was divided into crushed
zone (I), fractured zone (I and IIT) and elastic vibration zone (IV), which was basically consistent
with the phenomenon and conclusion of current single-hole blasting test [29].

By comparing Fig. 3(a-d), it was found that the radial main cracks in specimen (TFG-1)
without initial stress loading propagated radially, while the radial main cracks in specimens
(TFG-2, TFG-3 and TFG-4) with initial stress loading propagated mainly along the direction of
principal stress. This indicated that the initial static stress could affect or change the propagation
direction of radial main crack and make it propagate toward to the direction of principal stress.
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With the increase of vertical load applied to specimens (TFG-1, TFG-2 and TFG-3), the total
area of crushed zone (I) and fractured zone (II and III) was decreasing, whereas the area of
vibration zone (IV) was expanding. It was obvious that there were seven radial main cracks in
specimen TFG-0, three radial main cracks in specimen TFG-1 and specimen TFG-2, but there
were only two radial main cracks in specimen TFG-3. At the same time, the included angle
between the two radial main cracks in specimen TFG-2 was significantly reduced compared with
that in specimen TFG-1.

In order to study the influence of confining pressure load on the fractured zone, it was divided
into two parts — II and III in the present investigation and was shown in Fig. 3(a). Part I of
fractured zone referred to the area where the circumferential cracks and radial cracks intersect,
while part III of fractured zone actually referred to the area of only radial cracks. The part II of
fractured zone and crushed zone from each model specimen were intercepted as shown in Fig. 4,
where the blue line was marked as crushed zone and red line was marked as part I of fractured
zone.

2 5 e D
Fig. 4. Part II of fractured zone and crushed zone on four specimens

Through the measuring on diameters of the boreholes for the specimens (Fig. 4) after being
subjected to the action of the explosion shock wave, it was found that the boreholes were expanded
to varying degrees. For TFG-0, TFG-1, TFG-2 and TFG-3, with the same charge weight of
approximately 0.052 g and initial borehole diameter of 4 mm, the determined diameters of the
postblast boreholes were 4.7 mm, 4.1 mm, 4.37 mm, and 4.57 mm, respectively. Obviously,
borehole expansion without confining pressure load was larger than that under confining pressure
load, and the borehole expansion under confining pressure increased with the increase of vertical
stress.

In addition, the measurement for diameter of crushed zone in postblast model specimens
showed that the initial in-situ stress had a great effect on crushed zone. For instance, the diameter
of crushed zone without initial stress was 2.34 cm (TFG-0); under the state with initial stress, the
diameters of crushed zone increased from 1.85 cm (TFG-1) to 2.24 cm (TFG-3) with the increase
of vertical stress. Apparently, the above measurement results also showed that the expansion of
crushed zone are “suppressed” by the initial stress, and there was a positive correlation between
diameter of crushed zone and vertical stress.
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3.1. Effect of initial stress on crack propagation in fractured zone

Fractured zone was contribute to main part of rock fragmentation by blasting in engineering,
the failure range of which was much larger than that of crushed zone. The length, velocity of crack
and damage range in fractured zone played an important role in determining delay time, designing
a blast and understanding the mechanism of rock fragmentation by blasting [30]. Therefore, the
influences of initial stress on crack length, crack velocity, and damage range were analyzed in
detail in the following sections.

3.1.1. Effect on part II

As the load was only applied on the model specimens in direction of vertical, the boundary
conditions of model specimen were different in each direction [31]. Hence, the effect of initial
stress on the diameter of Part II was divided into vertical direction and horizontal direction to
discuss. The diameters of Part II in fractured zone of specimens were measured, as shown in
Table 4.

Table 4. Diameters of Part Il in fractured zone
Diameters of Part Il /cm

Number of specimens Along the direction of g, | Perpendicular to the direction of g, | Mean value
TFG-0 9.3 9.3 9.3
TFG-1 8.2 8.4 8.3
TFG-2 7.3 7.5 7.4
TFG-3 7.2 7.4 7.3

It can be seen from Table 4 that the diameters for part II of fractured zone varied with the
boundary conditions of model specimens. Under the condition of no confining pressure (specimen
TFG-0), the diameters along the stress direction and perpendicular to the stress direction for part II
of fractured zone were equal. However, under the confining pressure load (specimen TFG-1,
TFG-2 and TFG-3), the diameters in the horizontal direction and the vertical direction were not
equal, and the diameters in the horizontal direction were smaller than that in the vertical direction.

At the same time, it can be found that with the increase of vertical load, the diameters for part II
of fractured zone decreased gradually, which indicated that vertical load applied on the model
specimens not only restrained crack propagation in the direction of g, but also restrained the crack
propagation perpendicular to the direction of o,,.

According to the studies of Qian and Li [32, 33], the initial static load applied on the specimens
along the vertical direction had a constraint effect on the rock, so that the dynamic compressive
strength of surrounding rock along this direction was increased. The current blasting theory
believes that cracks in Part II of fractured zone are mainly caused by the loading and unloading
action of compression stress wave on the surrounding rock of the borehole. However, the
strengthening for the strength of surrounding rock in direction of vertical lead to the weakening
of the loading and unloading damage of compression stress wave on rock around blasthole, which
result in that the diameters for Part II of fractured zone in the direction of vertical were relatively
smaller compared with that in the direction of horizontal.

3.1.2. Effect on part III

According to postblast model specimens (Fig. 3), the propagation law for the longest main
crack on each specimen could be obtained, as shown in Fig. 5.

Fig. 5 showed that the length of the longest main crack decreased with the increase of vertical
stress, and the direction of the longest crack propagation was closer to the direction of stress
loading with the increase of stress. According to the measurement results, the Angle between the
longest main crack of TFG-0 and the vertical axis was 45°, while the Angle between TFG-1,
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TFG-2 and TFG-3 and the vertical axis decreased gradually with the increase of stress, which were
30°, 20° and 0°in turn.

In order to characterize the variation of radial main crack length with unidirectional initial
stress applied on model specimens, some radial cracks from four postblast specimens were
selected to measure. The results for measuring were shown in Table 5, where the number of radial
main cracks selected from each postblast specimen was equal.

15 1
\ TFG-2
/
) 10 (/ L=15.8cm
Unit: cm ] S
I 0,=3.1MPa
/
5+ 1
/
/
/" blasthole
|
. 0* 15
0,=4.8MPa i Q 5,~0MPa
s N " e
. 5 \ ~ | O\
| Naal SR N . L=18 7em
L=icm . (\ : <
_107 \v -TFG-I-)\\
i g,=1.2MPa
! \ L=16.6cm v
-5+ | —

Fig. 5. Distribution of the longest main crack in postblast model specimen

Table 5. Statistics for radial main crack length in model specimens
Length of radial main cracks / cm

Number of specimens 14 2 34 4 S Mean value / cm
TFG-0 148 | 16.0 | 18.7 | 16.8 | 16.5 16.6
TFG-1 15 9.7 6.8 15.8 | 16.6 12.8
TFG-2 152 | 9.6 152 | 7.1 15.8 12.6
TFG-3 15 7.8 9.5 15 8.2 11.1

Note: Cracks 1#~5# are the top five in length of radial main cracks on model specimens

Table 5 showed that the average length of radial main cracks decreased successively from
specimen TFG-0 to specimen TFG-3. The data in Table 5 were plotted in Fig. 6, which could be
obtained the relationship between vertical stress and length of the main cracks.

It can be clearly seen from Fig. 6 that both the length of longest main crack and average length
of cracks decreased with the increase of stress, which fully indicates that the initial stress can
suppress crack propagation of radial main crack. According to the results for data fitting, the
relationship between the vertical stress and length of main cracks was as follows:

y = 18.54 — 6.077x + 2.678x2, (R? = 0.96693), ©)

where x represented the vertical stress; y represented the maximum length of main cracks.

Based on the analysis of model test results in sections (1) and (2), it can be seen that the initial
stress had different effects on part I and part III of fractured zone. For part II of fractured zone in
postblast model specimens, the diameter of which along the direction of stress loading were
smaller than that perpendicular to the direction of stress loading. However, for part III of fractured
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zone in postblast model specimens, the propagation length of main cracks along the direction of
stress loading was much longer than that perpendicular to the direction of stress loading.

Maximum value|
A Average value
Equation y = Intercept + B1*x*M + B2*|
Intercept 18.54098
B1 -6.0769

267766
R-Square(COD) 096693

19

©
T

3
T

(o2}
T

o
T

¥ = Intercept + B +
B2'x2 + B33
166
B1 -21.41296
B2 34.28782
B3 -17.11164

Equation

N
—
H

Length of radial main cracks / cm
@
—

N
—T T

[ R NI R R R |
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Vertical Stress / MPa
Fig. 6. Length of blasting-induced main cracks vs loading stress

3.2. Effect of initial stress on fracture and damage energy

Previous researches showed that rocks under an external force would undergo stages such as
microcrack closure, elastic deformation, microdefect evolution and expansion and catastrophic
failure. During these stages, the rocks were always exchanging energy with the surrounding
environment, converting the mechanical energy from the surrounding environment into strain
energy and thermal energy and store them as their own internal energy; at the same time, the strain
energy was converted into plastic energy and surface energy etc. and energy was released in the
forms of electromagnetic radiation, acoustic emission and kinetic energy [34, 35]. Therefore the
“energy” can be considered as a parameter appeared in the whole process of rock deformation and
fragmentation [36, 37].

The energy distribution of rock fragmentation by blasting mainly includes: the energy for rock
fracture damage, the energy for blasting vibration, the energy of escaping and other forms of
dissipated energy, such as thermal energy and radiation energy [38]. And the distance between
rock mass and source of detonation determines the amount of explosive energy received by rock
mass. In other words, the rock mass which is close to the source of detonation would receive more
explosive energy and be broken more finely. However, due to the great attenuation of stress
energy, the rock mass which is far away from the source of detonation would receive less
explosive energy, which leads to fewer broken layers and correspondingly coarser particle size of
rock mass.

In this study, the relationship between crack area and energy of rock fracture damage was
established to characterize the effect of initial in-situ stress on the energy used for rock mass
fracture damage. Meanwhile, according to the difference of rock mass distance from detonation
source, it was assumed that the energy absorbed by crushed zone per unit area was X; KJ /m?, the
energy absorbed by Part II of fractured zone per unit area was X, KJ /m?, and the energy absorbed
by Part Il of fractured zone per unit area of was X3 KJ /m? (X; > X, > X3). Therefore, the
explosion energy consumed by fracture damage zone of specimens was that area of damage or
fracture times energy dissipated per unit area. According to Fig. 3, the crushed zone and fractured
zone were reconstructed as shown in the Fig. 7.

In the figure above, the Ay, A¢py and Ay were used to indicate the area of crushed zone,
Part II of fractured zone and Part III of fractured zone, respectively. It should be noted here that,
for the convenience of calculation in this study, the range of fracture and damage for Part III of
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fractured zone was considered to be the area surrounded by the blue main cracks and the yellow
lines. The area of fractured and crushed zone on specimens after blasting can be calculated based
on Fig. 7, and the results of calculation were shown in Table 6.

TFG-0 ¢ TFG-1 \
(! 1
| s ’ d
; - |
\ ) , |
S ’ /‘ Vertical Stress \/‘\(Ill) ’
Aam - increased from ) -
0to 1.2 MPa
= @A A@,_ AD
S A . —> Ay,
L e ; \
// 4 N / N
=% ] s / \
1 R, oAam
\
/ // \
/ i ,
Vertical Stress
increased from
1.2to 3.1 MPa
TFG-3 TFG-2 ‘ :
: VAam ¥
Aain Vertical Stress | !
\ ' increased from ‘\ ;
b bl 3.110 4.8 MPa e
@& D ..
Ay At
i | Adin’
{ S—Aam

Fig. 7. Crushed zone and fractured zone vs loading stress

Table 6. The area of fractured and crushed zone on specimens

Number | Ay /em? | Agpy/em? | Agyy / em? | Total area / cm?
TFG-0 4.166 63.08 480.1 547.4
TFG-1 2.564 51.54 119.4 173.5
TFG-2 3.481 39.53 98.68 141.7
TFG-3 3.816 38.04 61.14 101.0

It can be seen from Table 6 that with the increase of stress, the total area of fracture damage
zone decreased gradually, which indicated that the energy produced by the explosion of an
explosive was used to and damage less and less.

The study had shown that the formation of fines and severe fracturing are important factors in
rock blasting as both processes consume a great amount of energy [39]. Furthermore, Cunningham
et al. concluded that close to half or even more of the total explosive energy was consumed for the
borehole expansion. Accordingly, it is assumed that X; = 6X, = 12X; in this study, so that the
energy consumed in the damage zone of each specimen can be expressed as follows:

It was obvious from Fig. 8 that the total energy used for fracture and damage gradually
decreased with the increase of stress applied to the specimens TFG-0, TFG-1, TFG-2 and TFG-3.
The results also showed that the total energy consumed for fracture and damage of specimens
under the state of no stress loading was greater than that under the state of stress loading. In terms
of the energy consumed in the crushed zone, the energy consumption in the non-stress state was
larger than that in the stress state, but the proportion for energy consumption of crushed zone
increased with the increase of stress (energy proportion: the energy consumed in the crushed zone
accounts for the total energy used for fracture and damage). For the fractured zone (both Part II

and Part III), the energy consumption decreased with the increase of stress, and the proportion of
energy consumption to total energy used for fracture and damage also decreased.
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Fig. 8. Energy distribution of crushed zone and fractured zone

According to the study on attenuation mechanism of stress wave in intact rock under confining
pressure by Liu [40], there are a large number of microcracks in intact rock, where stress waves
propagating through intact rock will force microcracks to overcome friction and produce sliding.
In this process, part of the energy of the stress wave is converted into thermal energy, resulting in
the decrease of its energy dissipation wave amplitude. The confining pressure can make the
microcracks inside the rock close, thus increasing the friction force that drives them to slide,
resulting in the reduction of the number of microcracks that can slide under the action of stress
waves, which finally reduces the attenuation of the stress wave. This means that the increase of
confining pressure will make the energy of stress wave transform into thermal energy inside rock
mass and the vibration energy in far zone of blasting more.

As can be seen from Section 2.2, the same charge amount was adopted in this experiment,
which means that the total energy of explosive explosion under different conditions of stress was
equal. In addition, the same charging structure was used in each model specimen, so it can be
roughly considered that the energy of escaping of each specimen is approximately the same.
Therefore, the reduced total energy used for fracture and damage under stress state is just
converted into the thermal energy generated in rock mass and vibration energy in the distant zone
of blasting, which is consistent with the research results of Xu [41].

In summary, it can be concluded that the initial stress changed the distribution of explosion
energy, that is, the total energy used for rock fragmentation by blasting was reduced, the
proportion of energy used for crushed zone was increased, and the proportion of energy used for
fractured zone was decreased.

3.3. Effect of vertical stress on the propagation velocity of main crack by blasting

The effect of unidirectional initial stress on the propagation velocity for radial main crack was
analyzed by using the photos of crack propagation at different times recorded by a high-speed
camera during the test. The high-speed camera (Memrecam HX-3E) produced by NAC company
was used in the experiment, and 8,000 images were collected per second. The pictures captured
by high-speed camera in the two states before and during blasting were shown in Fig. 9.

Due to the limitation of the equipment, the images shown by the lens are crushed zone and
fractured zone near the blasthole on the model specimen. Therefore, it can be only calculated the
crack propagation velocity in these two zones to discuss the influence of unidirectional initial
stress on it. The propagation velocities from 0 ps to 125 ps for radial main cracks of the four model
specimens were calculated according to the position of crack tip recorded on the high-speed
camera at different times, and the calculated results were summarized in Table 7.
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Fig. 9. High-speed photographs at times 0 ps, 125 ps, and 250 ps

Table 7. Propagation velocity of radial main cracks

. Propagation velocity /(m/s)
Number of specimens I 24 34 Mean value

TFG-0 679.5 640.1 538.6 619.4
TFG-1 563.6 442.2 433.6 479.8
TFG-2 511.3 511.3 383.5 468.7
TFG-3 346.9 303.5 251.5 300.6

Note: Cracks 1#~3# are the top three in length of radial main cracks on model specimens

from 0 us to 125 ps
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The data in Table 7 were plotted into the propagation velocity-stress curve of radial cracks, as
shown in Fig. 10.

As can be seen from Fig. 10, both the maximum and average initial velocities of radial cracks
propagation decreased with the increase of unidirectional initial stress. Thus, it can be obtained
that the initial stress also had a “suppression” effect on the propagation velocity of main cracks by
blasting. The data fitting results showed that there was a polynomial function relationship between
propagation velocity of cracks and vertical stress, as shown in the following equation:

y = 679.5 — 622.65x + 960x% — 574.2x3, (R?=1), 3)
where x represented the vertical stress; y represented the propagation velocity of cracks.

700 - 4 Maximum value
L B Average value

Y= lercept+ B17 + B2x2 + B3
03

83
550 |- R Square(COD)

450 |- p— ST
400 | o Teosseor

B3 87275571

Propagation velocity for cracks / (m/s)
3
o
T

300 |-

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Vertical Stress / MPa
Fig. 10. Propagation velocity of radial crack vs vertical stress

4. Discussions

Plane blasting model tests were used in Section 3 of this study. Due to the poor actual sealing
effect of the boreholes, the leakage of explosive gas was more serious, which reduced the cracking
effect of the explosive gas on the specimens. Therefore, it is considered that the blasting cracks in
the specimens were caused by the effect of stress wave.

Classical blasting theory has clarified that the propagation of the radial main crack located in
the Part III of fractured zone is mainly caused by the circum-tensile stress wave derived from
compressive stress wave. However, the test results in Section 3 of this study show that the
propagation law of main crack changes greatly under the action of initial static stress compared
with that without initial static stress. Therefore, the combination of dynamic and static loading (as
shown in Fig. 11) was used to simulate the stress state of deep rock mass engineering to explore
the action mechanism of initial static load on crack propagation by blasting in this study [42].

It is assumed that the initial stress of rock mass in vertical direction is g,,, the initial stress in
the horizontal direction is o,, the internal explosion load is P;, and the compressive strength and
tensile strength of the rock are o,, g; respectively.

When the rock in the state of static in-situ stresses was subjected to the dynamic loading of
explosive explosion, it would start to damage at a certain time. In this process, the effect of in-situ
stress on the rock was usually regarded as quasi-static loading. Moreover, blasting model test only
under vertical load were carried out in the experimental part of this study. In this case, the force
model could be simplified as shown in Fig. 12, and the explosion load was described by P;, P,
(P; = P,). Generally, the rock mass in fractured zone was subjected to dynamic load of stress
wave. In order to facilitate the analysis, the stress wave in model within the same radius of
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fractured zone (the crack was still in propagation) at a certain moment was described by P;, P,
(P{ = P;), and a point taken from each of the four different directions was denoted as 4, 44, B,
and B;.

G}.
— B
blasting load
—— Pd [—
blasthole _.-7
Ox ——=| ol |- Ox
—— |
e e —
G,

v
Fig. 11. Force model of deep rock mass under blasting

According to the existing blasting theory, when the circumferential tensile stress derived from
blasting stress wave was greater than the tensile strength of rock, there will be produced the radial
cracks in rock. Therefore, the above four points are also affected by circumferential tensile
stresses, which were described by P} and P?. At the same time, it is assumed that P} = PZ. In this
way, the dynamic load was also simplified to the static load (as shown in Fig. 12). In this case,
stress analysis can be carried out according to the plane stress problem in the theory of elastic
mechanics.

L NN
S P

Gy
Y 3
Fig. 12. Force model of deep rock mass Fig. 13. Force model for Part II of fractured
under blasting at a certain moment zone of deep rock mass

(1) Internal stress analysis of the model under vertical load.

From the experimental results in the section 3, it can be seen that there are circular crushed
zone and Part II of fractured zone on each specimen under the conditions with different initial
stress, which indicates that the loading and unloading effect of blasting stress wave on the model
specimen was much greater than the tensile and compressive strength of the specimen under initial
stress. Therefore, it can be assumed that under the combined action of the blasting stress wave and
the initial stress, cracks would occur along all directions in crushed zone and Part II of fractured
zone of model specimen, as shown in Fig. 13.
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According to the Griffith crack mathematical model for the propagation of a closed crack under
pressure, a Griffith crack of size 2a in an infinite linear elastic plate was investigated. The edge
was subjected to uniform biaxial pressures g; and g, and the Angle between the crack direction
and the action direction of o; was £ (called crack Angle). The rectangular coordinate system xoy
was established, where the x-axis was parallel to the direction of the crack, and the y-axis
coincides with the vertical line of the crack (Fig. 14). By coordinate transformation of the stress
component, the stress state in the far field was:

O,y = 0,052 B + 0,sin? B,
oyy = 0y5in® B + g,c0s? B,

Tyy = (07 — 03)sinfcosp.

]

01
Fig. 14. Griffith crack model for the propagation of a closed crack under pressure

In this way, the far-field stress at the tip of cracks can be calculated when the Angle 8 changes
from 0° to 90°. The detailed calculation results were shown in the Table 8.

Table 8. Far-field stress at the tip of cracks of Part I in fractured zone

Internal stress Number of cracks
1# 2 3# 44 S5# (i TH#
Oxx / MPa ay 0.93a, 0.75a0,, 0.50, 0.250, 0.067a,, 0
gyy / MPa 0 0.067a,, 0.25q, 0.5q, 0.75a, 0.93q, ay
Txy / MPa 0 0.250, 0.430, 0.50, 0.430, 0.250,, 0

Note: The angle § between the direction of crack 1# and the direction of vertical stress is 0°, angle 8 for
2# is 15°, and so on, the angle £ for crack 7# is 90°

(2) Force analysis of model under the coupling action of blasting load and vertical stress.

When the model specimens were only subjected to static stress loading, the specimens had not
been damaged, indicating that the shear stress inside the specimens was not enough to cause the
shear failure on the specimens. Hence, the effect of shear stress on the crack propagation in Part
II of fractured zone on the model specimens was ignored in this study. According to the values
calculated in Table 8, the force analysis on the infinitesimal points A and B in Fig. 10 can be
obtained shown in Fig. 15.

Obviously, the force model shown in Fig. 12 is a symmetrical structure, so the stress analysis
on the above four force points can be carried out according to two parts of A/A; and B/B,.
According to Fig. 15, the forces acting on A/A can be obtained as follows:
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1
o o @
P{—P, (Vertical).

When P} > g, there will be produced tensile failure in the rock mass. When P; — B, > o,
there will be produced compression failure in the rock mass. The existing blasting theory has
pointed out a fact that the blasting stress wave in the fracture zone is no longer enough to crush
the rock mass, so the stress wave weakened by the initial stress is more unlikely to produce any
compression failure on rock mass in the vertical direction of points A/A;. For points A/Aj, it is
only necessary to discuss the horizontal tensile stress.

Gy P[;
Oy
P,
B z

pl A' 1 i
f———T—P;

P, s Gy

P’

Fig. 15. Force analysis for infinitesimal points in rock mass

According to Fig. 15, the forces acting on B/B, can be obtained as follows:
Pz — P, (Vertical), 5)
P;, (« -).

Same as above analysis, it is impossible to generate any compression failure on rock mass in
the horizontal direction of points B/B;. For points B/By, it is only necessary to discuss the vertical
tensile stress.

By comparing the tensile stress at points A/A; (P}) with the tensile stress at points B/B;
(P — P,), it is found that: P} > PZ — P,. It has been informed in the hypothesis that all the taken
points are from the fracture zone (radial cracks are in propagation) and are at the same distance
from the blast center. Therefore, with the further attenuation of stress wave, there must be a
situation that P} > g, > P? — P,. It can be concluded that the crack along AA; direction will
continue to propagate after the stopped propagating for crack along BB, direction. In other words,
the total length of the crack in the direction of AA; is greater than the total length of the crack in
the direction of BB;. On the macro level, the radial crack propagates along the direction of
principal stress, that is, the initial stress has a “guiding effect”.

5. Conclusions

In this study, similar model tests of rock blasting under unidirectional load were carried out
with transparent model materials. Based on the results of model tests, the law for the effect of
unidirectional initial stress on propagation of blasting-induced crack was analyzed. At the same
time, a mechanical model for blasting-induced radial main crack propagation under unidirectional
initial stress was established, based on Griffith crack mathematical model for the propagation of
a closed crack under pressure and basic theory of rock fragmentation by blasting. Thus, it was
carried out to obtain the influence mechanism of initial stress on the direction of crack propagation.
The research results are of great practical significance for correctly understanding the law of crack
propagation in rock mass by blasting under high in-situ stress and enriching the theory of rock
fragmentation by blasting. The conclusions obtained from this study are summarized as follows:

1) The initial stress affected the propagation direction of radial main cracks. Under the action
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of the combined dynamic and static loads, the propagation direction of radial main cracks of model
specimens was changed from the radial direction (without initial stress) to the direction of vertical
stress. With the increase of the load on the specimens, the number of radial main cracks gradually
decreased, and finally the radial main cracks only propagated along the loading direction.

2) The initial stress also suppressed the propagation length and velocity of radial main cracks.
With the increase of vertical load, the length of radial cracks propagating along the direction of
vertical stress was less affected, while the radial cracks propagation far away from the direction
of vertical stress was more and more restricted. As a whole, the propagation of radial main cracks
was suppressed by vertical stress. In addition, the propagation velocity of radial main cracks and
the diameters of Part II on fractured zone and crushed zone decrease with the increase of vertical
stress.

Although some meaningful conclusions have been drawn in this study, which enriches the
theory of rock fragmentation by blasting in deep rock mass and can also provide reference for
engineering practice, there is still a big gap between this study and practical rock blasting in deep
rock because it is only carried out on the basis of blasting model test under unidirectional load.
Therefore, it is necessary to focus on the study of mechanism for rock blasting under tridirectional
loads in the next study.
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