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This study aims to investigate the fracturing characteristics of double-hole blasting under
the action of coupled static stress and delayed time explosion. A total of thirteen explosive
tests were carried out on rectangular concrete blocks with different constraints. The test
blocks were wrapped in steel mesh in the test bed to prevent flying away of the cracked
blocks after blasting. After blasting, the surface area of the crater was measured, and all
pieces of the cracked blocks were collected, screened, and analyzed. The experimental
results show that (1) the shape of free-surface craters was affected by static stress. The
surface area and overall volume of the craters increased in the direction of loading stress.
(2) The crater under simultaneous initiation was larger than that under delayed initiation
when the tested block had a single free surface. (3) The fragmentation of blasting is closely
related to the static confining pressure and delay initiation applied on the tested
specimens. It is believed that this research will contribute to the design of multi-hole
blasting in the deep geological body in the respect of the theoretical analysis.
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INTRODUCTION

The depletion of shallow resources and increasing demand for metal sources have led to increasing
interest in underground mining, featured by high in situ stress in deep Earth (Fan et al., 2009).
Drilling and blasting are always employed for these underground rock excavations due to their
economic cost and effectiveness. However, under high in situ stress, the rock breaking produced by
underground blasts differs from that generated from open-pit mining and shallow excavation (Yan
et al., 2016; Han et al., 2020). To make the fragmentation law clear under the coupling action of high
in situ stress and blasting, it is of great significance for determining blasting parameters and safe and
efficient production in deep ore bodies. They carried out physical experiment research of double-hole
blasting to determine the blasting parameters of deep rock mass that are necessary to realize safe and
efficient excavation and mining (Yilmaz and Unlu, 2013; He et al., 2018; Jayasinghe et al., 2019). At
present, scholars have carried out a lot of research work on rock breaking by blasting under in situ
stress. Some theories and experiments have been carried out on rock blasting under high ground
stress (Xiao et al., 1996).

Many research studies have been carried out on the mechanism of blasting fracture (Zhu et al.,
2016). Static stress can reduce the fracture length and the area of the blasting damage zone.
Moreover, the tensile strength of rock under the coupling action of static and dynamic loads
decreases with the increase in the static prestress, indicating that high ground stress can enhance the
fragmentation of rock under blasting excavation (Zhao et al., 2017). The aforementioned studies
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illustrated the influence of static stress on the blasting fracture of
rock materials, and in situ stress played a key role in crack
initiation and growth. Based on these studies, the influence of
in situ stress on blasting rock fracture was analyzed and
experimentally studied (Li et al., 2021; Wu et al., 2015; Zhang
et al., 2017). The results show that the cracks caused by blasting
stress wave and gas pressure grow well in the direction of the
maximum principal stress of the superimposed stress field
(Kutter and Fairhurst, 1971). It calculated the rock breakage
caused by blasting under high stress based on fracture mechanics
and rock damage criterion. The results showed that the release of
strain energy in high-stress rock mass was beneficial to improve
the crushing effect. Based on this, they studied the propagation
characteristics of blasting crack in dynamic and static stress fields
by the caustic experiment. The results showed that in situ stress
had an important influence on the crack growth caused by
blasting (Xiao et al., 2019). When the direction of vertical in
situ stress was in the direction of crack propagation, the crack
growth was restrained. It experimentally simulated the blasting
failure characteristics of rock mass under different stress
conditions, and the influence of the in situ stress value and
direction on presplitting blasting was studied (Yang et al.,
2019). The damage of the gypsum block decreased with the
increase in uniaxial pressure. The article studied the influence
law and the response of the main crack induced by blasting the
initial static stress field using dynamic and static loading
experimental equipment to simulate static stress field, and a
digital laser dynamic caustic system was used to collect data
(Yang et al., 2021). The findings revealed that the combined
action field of the initial static stress and the dynamic blasting
stress field gave priority to the maximum crack propagation along
the initial static stress direction (Yang and Ding, 2018). The study
simulated the blasting disturbance of the underground tunnel
through a physical model test and analyzed the influence of the
blasting position on surface deformation and failure
characteristics (Qiu et al., 2021). The work studied the crater
blasting under different confining pressures through theoretical
analysis and physical model tests. Under the condition of the
uniaxial load, the shape of the crater in the long axial loading
direction was elliptical with the increase in the confining pressure,
and the opening angle and pit volume in this direction increased
(Peng et al., 2020; Zhang et al., 2021).

Some experiments and numerical simulation studies were
carried out on rock blasting under high ground stress (Li
et al., 2021; Jayasinghe et al., 2019). The research results show
that the existence of high ground stress changed the propagation
direction and propagation length of explosion-induced cracks.
The cracks first radiated outward from the blast hole wall and
then gradually extended outward along the direction of the
maximum principal stress (He and Yang, 2019). The article
used the RHT model in LS-DYNA to simulate the blasting
damage characteristics of the high-stress rock mass. Under
uniaxial loading, the crater volume increased with the increase
in the confining pressure (Huo et al., 2021). The uniaxial static
load could change the optimal load and the critical buried depth
of charge. The granitic lithology with a complete deep structure
has high energy storage capacity (Wang et al., 2019; Zhang et al.,

2020). The influence of the confining pressure and ratio of
horizontal pressure to vertical pressure on blasting rock
fracture was studied through experiments. The results showed
that the direction of crack propagation was mainly controlled by
circumferential tensile stress and biaxial preload ratio (He and
Yang, 2019).

The combined finite-discrete element method (FDEM) was
used to simulate the excavation damage area of rock mass caused
by contour blasting. It was found that blasting cracks initially
spread along the horizontal direction of ground stress under high
level of in situ stresses. The following study was carried out on the
double-hole test. Increasing the millisecond initiation time
between adjacent holes could form a better crack network
between holes and make radial cracks penetrate through (Zhao
et al., 2017). The research results showed that through the field
test and numerical analysis it was found that the larger the
distance between adjacent holes, the closer the main cracks to
the connecting direction of holes (LEI and JIANG, 2019). The
blasting of high-stress rock mass was studied using the coupled
numerical simulation method of smooth particle hydrodynamics
and finite element method. The crack propagation length
between the blast holes decreased with the increase in the
local stress level, and the crack mainly expanded parallel to
the direction of maximum principal stress. Arranging the blast
holes along the direction of maximum principal stress and
shortening the distance between the blast holes were
considered to be beneficial to the connection and penetration
of cracks between the blast holes. The influence of the confining
pressure and ratio of horizontal pressure to vertical pressure on
blasting rock fracture was studied through experiments. The
results showed that the direction of crack propagation was

FIGURE 1 | Model manufacture.
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mainly controlled by circumferential tensile stress and biaxial
preload ratio.

The aforementioned studies were mostly conducted in the
numerical simulation experiments of single-hole blasting and
double-hole blasting. It is thus critically urgent to conduct the
physical model test to further explore the influence of static stress
on rock breaking by double-hole blasting. In this study, the
influence of static stress on the double-hole crater and
fragmentation under the condition of a single free surface was
studied by laboratory tests, the main contribution of which is to
provide the theoretical foundation to the design of multi-hole
blasting in the deep geological body.

BLASTING TEST OF A CONCRETE BLOCK
UNDER THE STATIC STRESS

Test Block
Cement blocks are widely used to simulate brittle rocks in blasting
tests because cement mortar has the characteristics of
homogeneity, isotropy, and designable strength. In this study,
a series of blasting model tests were conducted using solid cement
mortar and block stones. The test block was made of sand with
uniform particle size, ordinary Portland cement (PC42.5), small
stones, and water. Figures 1, 2 show the geometric dimensions of
the model test block. The model test block adopted cuboid
specification (Figure 1), and its size was 400 × 400 ×
200 mm3. During the preparation of the test block, three
groups of 120 × 120 × 120 mm3 cube test blocks were poured
with the same mixture, and the physical and mechanical
parameters of the test blocks were measured with the cube test
blocks. Compressive strength and elastic modulus were measured
using the CSS-YAW3000 electrohydraulic servo pressure frame
and the KD7016A static strain test and analysis system. A CTS-25

nonmetal ultrasonic detector was used to measure the
longitudinal wave velocity of the mortar. The parameters of
the cement mortar block were as follows: density 2,451 kg/m3,
elastic modulus 32.30 GPa, compressive strength 40.8 MPa,
Poisson’s ratio 0.24, longitudinal wave velocity 3,808 m/s, and
shear wave velocity 2,219 m/s.

Blasting Parameters
The blasting hole was located on the central line of the surface of
the test block, with a diameter of 7.5 mm and a distance of 4 cm
from the bottom of the hole to the free surface and 7.0 cm
between holes (Figure 1). The experiment used a No. 8 digital
electronic detonator to initiate the simulated charge to reduce
the influence of the delay time error. The external dimension of
the No. 8 digital electronic detonator was φ7.3 × 73 mm2, and
the inner diameter of the electronic detonator shell was 6.1–6.4

FIGURE 2 | Test block hole layout and plug hole.

FIGURE 3 | High-stress loading test platform.

FIGURE 4 | Platform loading form and layout.
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cm, the filling length was 15 mm, the density was 1.4–1.6 g/m3,
and the mass was 0.65 g RDX. The hole orifice was plugged with
stemming to reduce the influence of stemming on blasting
(Figure 2), and the plugging was to achieve the ideal rock
crushing effect (Zhang et al., 2021).

High-Stress Blasting Test Platform
A new type of blasting test system was set up under high stress in
the blasting test chamber of Fankou Lead–ZincMine, Guangdong
Province, to carry out experimental research, which was used to
carry out the biaxial loading test on the square block to achieve
the pressurization condition of the model block. Figure 3 shows
that the test platform mainly consisted of a rigid frame, two
hydraulic jacks, two hydraulic pumps, and two rigid pressure
heads. The hydraulic jack pushed the rigid indenter to make
contact with the test block, the hydraulic pump controlled the
loading pressure, and the universal testing machine combined
with the pressure sensor was used to calibrate the hydraulic jack,
ensuring the accuracy of loading static stress. The loading system
applied compressive stress in two directions perpendicular to the
free surface of the sample, simulating the bidirectional in situ
stress environment of the deep rock mass. The hydraulic cylinder
provided 0–60 MPa pressure in two directions, and the pressure
gauge on the hydraulic pump was used to measure the output

pressure load. As shown in Figure 4, the boundary of the test
block was covered with a 20-mm-thick rubber plate to absorb the
stress wave at the boundary. Rubber is a kind of polymer material
with high elasticity, low impedance, viscoelasticity, shock energy
absorption, earthquake resistance, and other mechanical
properties. It is often used in structures to reduce the
influence of the dynamic load (Qiu et al., 2021). The loading
device had a 30-mm-thick steel plate to induce uniform boundary
stress. In addition, the unpressurized direction also uses the press
to contact the test block.

Experimental Scheme of the Double-Hole
Crater Under the Stress Condition
In this study, the experimental research on the double-hole
crater was carried out under three different confining pressures:
(1) the double-hole crater was detonated simultaneously under
unidirectional confining pressure; (2) two-hole simultaneous
initiation crater under bidirectional confining pressure; and (3)
double-hole short-delay initiation crater under confining
pressure loading. A total of sixteen groups of blasting tests
were conducted, and the detailed parameters of test confining
pressure loading conditions and delay time are shown in
Table 1. After placing the test block, the boundary was

TABLE 1 | Experimental scheme of the double-hole crater under the stress condition.

Load direction No. Loading stress (MPa) Delay time
(ms)

Loading direction parallel to the bore centerline S1 0 0
S2 5 0
S3 10 0
S4 20 0

Loading direction perpendicular to the direction of the hole centerline S1 0 0
S5 5 0
S6 10 0
S7 20 0

Loading direction parallel to the bore centerline S8 0 1
S9 10 1
S10 20 1
S11 0 2
S12 10 2
S13 20 2

FIGURE 5 | Shape of the crater under parallel hole confining pressure.
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covered with a rubber plate, and the rubber plate, in turn, was
covered with a steel plate. The confining pressure was loaded to
the design value using a loading device. The electronic detonator
was inserted into the designed hole, and the surface of the model
was covered with a cover plate to facilitate the collection of the
test block broken by blasting. The electronic detonator was

detonated according to the experimental scheme. After each
blasting experiment, the data of the crater were carefully
measured, and the test pieces were collected, weighed, and
screened. On this basis, the relationship between the particle
(fragment) size of each test block and the cumulative mass pass
rate (%) was established.

FIGURE 6 | Double-hole simultaneous initiation effect under unidirectional confining pressure. (A) Crater volume. (B) Average block size (x50). (C) Distribution
functions fitted to sieving results for the S1 ~ S4 surface profile of the crater.

FIGURE 7 | Shape of the crater under vertical hole confining pressure.

Frontiers in Earth Science | www.frontiersin.org February 2022 | Volume 9 | Article 8292585

Chen et al. Fracturing Characteristics Under Static Stresses

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


RESULT ANALYSIS

Double-Hole Simultaneous Initiation Crater
Under Unidirectional Confining Pressure
1) Blasting test results and analysis under the condition that the

direction of the confining pressure loading was parallel to the
direction of the hole-to-heart line.

Figure 5 shows the shape of the double-hole simultaneous
initiation crater under unidirectional confining pressure when the
direction of the confining pressure loading was parallel to the
direction of the hole-to-hole line. When no confining pressure
was applied, the crater was smaller, and the length of the crater in
the hole-to-heart line direction was slightly longer than that in the
other direction. However, applying a unidirectional confining
pressure in the direction of the hole-to-heart line caused the
crater length to gradually increase in the pressurization direction
and reduce in the unpressurized direction, especially when the

unidirectional pressure reached 20 MPa, the crater diameter in
the pressure direction increased from 23.2 to 27.4 cm. This was
because the direction of the hole-to-heart line was consistent with
the direction of the confining pressure loading, and a stress blind
area appeared between two adjacent holes. The applied confining
pressure had little effect on the blasting breakage between two
holes, but it could promote the breakage around the holes. The
volume of the crater first decreased and then increased with the
increase in the unidirectional confining pressure, among which
the volume of the crater with 5 MPa loading stress was the
smallest. This phenomenon shows that low static stress
inhibits blasting breakage in the direction parallel to the hole
loading. Similar results were reported by Zhang et al. (Zhang
et al., 2021). Under the condition of low static stress, the cracks
inside the test block are closed. With the increase of static stress,
the reflected tensile failure gradually becomes the main factor
affecting the formation of the explosion crater. In Figure 6A, the
volume of the crater increased from 338.63 cm3 without pressure
to 440.64 cm3 with a pressure of 20 MPa. It indicates that the
blasting fragmentation range increases with increasing confining
pressure. In Figures 6B,C, the average fragmentation (x50) of
blasting decreases gradually, indicating that the fragmentation is
more uniform with increasing confining pressure.

2) Blasting test results and analysis under the condition that the
direction of the confining pressure loading was perpendicular
to the direction of the hole-to-heart line

Figure 7 shows the shape of the double-hole simultaneous
initiation crater under unidirectional confining pressure when the
confining pressure loading direction was perpendicular to the
direction of the hole-to-hole line. The crater was smaller without
the confining pressure, and the length of the crater in the
direction of the hole-to-heart line was slightly longer than that
in the other direction. However, the application of unidirectional
confining pressure in the direction perpendicular to the hole-to-
hole line did not cause much change in the crater length in the

FIGURE 8 | Crater volume.

FIGURE 9 | (A)Crater surface outline of S1, S2, S3, and S4. (B)Crater surface outline of S1, S5, S6, and S7. Comparison of crater contour under different pressure
directions.
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direction of the hole-to-hole line; however, the crater length
increased in the direction perpendicular to the hole-to-hole
line, that is, the pressurization direction, especially in the
middle of the hole-to-hole line. This was because the stress in
the middle of the hole increased due to the confining pressure
applied in the direction perpendicular to the line connecting the
hole to the heart, which further promoted the blasting rupture in

the middle of the hole. In Figure 8, with the increase of
unidirectional pressure, the volume of the crater increases, in
which the volume of the crater is 628.32 cm3 under 20 MPa
loading stress.

3) Comparing the effects of the crater under different
pressurization directions

Figures 9, 10 show the comparison of the shapes of double-
hole craters under different pressurization directions. The shape
of the crater (S4 and S7) was obviously different when the
direction of pressurization (S4) was different from that of the
hole-to-heart line (S7). When the pressure direction was
consistent with the direction of the hole-to-heart line, the
crater length in the pressure direction was obviously larger
than that in the other pressure scheme. In contrast, the crater
length perpendicular to the pressure direction was smaller than
that in the other pressure scheme. Figure 11 shows the
distribution diagram of blasting fragmentation of two schemes.
The distribution of blasting fragmentation was more uniform
than that of the other pressurization schemes when the
pressurization direction was consistent with the direction of
the hole-to-heart line, and its average fragmentation (x50) was
also smaller than that of the other scheme. When the pressure
direction was parallel to the hole-to-hole line direction, the
blasting fragmentation was found to be better than when the
pressure direction was perpendicular to the hole-to-hole line
direction.

FIGURE 10 | Blasting fragmentation distribution under two loading
20 MPa pressure schemes.

FIGURE 11 | Crater shape of double-hole short-delay initiation blasting under confining pressure loading. (A) 1 ms delay between holes. (B) 2 ms delay
between holes.
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Test Results and Analysis of Double-Hole
Short-Delay Blasting Under Confining
Pressure Loading
Figure 11 shows the shape of a double-hole short-delay initiation
crater under confining pressure loading. When no confining
pressure was applied, in S8 and S11, the crater under double-
hole short-delay initiation was found to be similar to V-shape.
The first blasting hole formed a larger crater, the second blasting
hole took the first crater as the free surface for lateral blasting, and
the width of the crater on one side of the second blasting hole was
smaller in S8, S10, and S12 indicating the influence of delayed
initiation, and two adjacent holes failed to form a common crater.
However, after applying the confining pressure, the craters of
adjacent holes were obviously more uniform and reasonable than
those without confining pressure, and the widths of craters at two
holes were closer. In addition, the rupture range of S13 blasting is
larger than that of S11 without confining pressure due to the
confining pressure applied along the direction of the core line of
the hole. This showed that under short-delay initiation, double-
hole blasting could make good use of confining pressure to form a
suitable crater. Figures 12, 13 show the variation in the crater
volume with confining pressure under 1 and 2 ms initiation. It
can be concluded that with the increase of unidirectional
confining pressure and delay time, the crater volume also
increases.

Figure 14 shows the fragmentation distribution of 2 ms
initiation under different confining pressures. Figure 14B
shows that the average fragmentation x50 after confining
pressure loading was smaller than that without confining
pressure, and the average fragmentation gradually decreased
with an increase in the confining pressure, which was
consistent with the research results of Chenhui et al., (2016),
indicating that the application of confining pressure under short-
delay initiation could effectively improve the fragmentation.

DISCUSSION

1) Boundary of the experimental model

The boundary of the test block was covered with a 20-mm-
thick rubber plate to absorb the stress wave at the boundary.
Because of its energy absorption and buffering characteristics, it is
often used to reduce the impact of dynamic loads in tests. The 20-
mm-thick steel plate is set outside the rubber plate to induce
uniform boundary stress and reduce the influence of blasting
effect on the boundary (Henrych and Major, 1979).

2) Formation mechanism and time of new free surface in delayed
blasting

FIGURE 12 | Crater contour comparison of delay blasting. (A) Crater surface outline of S8, S9, and S10. (B) Crater surface outline of S11, S12, and S13.

FIGURE 13 | Crater volume of delayed initiation blasting under confining
pressure.
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Figure 15A shows that when two electronic detonators
were detonated at the same time, the stress wave loading time
was much shorter than the gas pressure. At the same time,
the explosive gas did not leak out from the front crater.

Therefore, the explosive gases caused by adjacent
blasting were gathered through cracks, thus pushing the
fractured rocks to form a common crater. If the delay is
longer than the new free surface formation time, as shown in
Figure 15B, the post-detonated blast hole would have two
free surfaces, the free surface and the free surface generated
by the previous blast hole. The rock fracture process of
double-hole blasting with delayed initiation would be
completely separated, making it unable to form the same
crater (Qiu et al., 2018).

However, there is still no consensus on the determination
of the formation time of the new free surface. The formation
time of a new free surface includes three different stages: the
first stage is the time required for the explosive stress wave to
propagate to the free surface and return to the explosive, and
the second stage is the time required for the crack to
propagate to the free surface (Henrych and Major, 1979).
The third stage is the time required for the crack to continue
to expand and form a new free surface with a certain crack
width. Therefore, the formation time of the new free surface
is as follows:

t � W
Cp

+ Lf
Cf

+ S
VS

, (1)

where W is the minimum burden, CP is the p-wave velocity
of the sample (m/s), Lf is the crack length (m), Lf ≈ 1.4W, cf
is the average speed of crack expansion, S is the crack width,
VS is the initial velocity of crushed rock (normally 10 mm),
and VS is the fly-out speed of broken rock (normally
15–25 m/s).

In the experiment of double-hole delay blasting, the formation
time of new free surface after the first hole blasting is calculated
according to Equation 1 as 558–858 us. Similar results were
reported by Chi et al. (2019). The crater of double-hole delay
blasting is larger than that of delay blasting, which is consistent
with the experimental crater.

3) Fragment Loss

Previous studies showed that smaller fragments consume a lot
of energy, which was very important for evaluating the crushing

FIGURE 14 | Comparison of blasting fragmentation distribution under
2 ms delay. (A) Blasting fragmentation 274 distribution. (B) Average
block size.

FIGURE 15 | (A) Simultaneous initiation of multiple blast holes. (B) Multiple blast holes with delayed initiation (Qiu et al., 2018).
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results. Each test block was wrapped in a cuboid of 50 × 50 ×
40 cm3 by a steel grid embedded with a thick sponge to reduce the
fragment loss of blasting test blocks. Under the same charge and
boundary test conditions, a collision may occur between the
blasting fragments and the collecting steel grid, which may
exist in each explosion. Hence, the impact on the crushing
results of each explosion was almost the same. Before the
experiment, the hole was blocked with stemming, and the
detonator fragments were removed when collecting fragments.
The stemming and the removed detonator fragments had the
same influence on the explosive crushing results.

CONCLUSION

1) Static stress significantly affected the shape of the crater. The
experimental results of double-hole blasting with two kinds of
lateral stress showed that the shape of the crater was extended
along the loading direction, and the loading direction became
the dominant direction of crack propagation. The blasting
experiments with different initiation delay times showed that
the loading direction became the dominant direction of radial
crack propagation and was not affected by the initiation delay.

2) With the increase of unidirectional confining pressure, the
volume of the double-hole blasting crater in different loading
directions generally increases. The blasting surface loaded
with static stress in the vertical borehole direction is
rounder than that loaded with static stress in the
horizontal direction. In addition, the volume of the blasting
crater loaded with static stress in the vertical borehole
direction is larger than that loaded with static stress in the
horizontal direction.

3) Static stress and delay time significantly affected the crushing
effect of the blasting test block. The experimental results showed
that the greater the loading stress is, the better the crushing
effect is. The longer the delay time is, the better the crushing
effect is. In deep geological engineering, a blasting scheme
matching with the in situ stress could be designed to achieve
a better rock blasting and crushing effect.
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