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Abstract

In deep mining and rock engineering, it is important to understand the failure mechanism of a blasting crater under coupled
dynamic and static loads, and further investigate the quantitative relationships between its parameters and the static stress.
In this study, lab-scale crater-blasting experiments on sandstone specimens under different uniaxial stresses are performed
to investigate the characteristics of the blasting craters and the blasting fragments as well as their representative failure
mechanisms. The relationships between the diameter, area, volume of a blasting crater, and the stress—strength ratio (SSR)
are analyzed quantitatively. The results show that the blasting crater can be divided into block, transition, and flaky failure
zones. Correspondingly, the blasting fragments can be classified into block, transition, and flaky fragments. The block failure
zone and the block fragments are caused by tensile and high-temperature burn damage. The transition failure zone and the
transition fragments are the results of tensile and shear damage. The flaky failure zone and the flaky fragments are produced
mainly by tensile damage. The relationships between the blasting crater parameters and the SSR can be divided into three
stages: linear growth stage, slow growth stage, and rapid growth stage. The static stress has a significant influence on the
blasting craters parallel to it, whereas it has a negligible effect on those perpendicular to it. Besides, the static stress leads
to oversized fragments and has the most significant influence on the flaky failure zone. Finally, a blasting design method
considering static stresses is proposed.
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Introduction

In geomaterials and rocks, in situ stress gradually increases
with the increase in depth (Kang et al. 2010; Heidbach et al.
2010). Generally, there is an approximate linear relationship
between the in situ stress and depth (Li et al. 2019; Ku et al.
2017). The drilling-blasting method is still commonly used
in deep rock engineering, such as for constructing mines,
tunnels, and underground chambers. Specifically, in deep
rock engineering, an intact rock is often degraded/broken
under the coupling of dynamic and static loads. Numerous
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studies have verified that the in situ stress has a dual influ-
ence on the blasting effect. The negative effect is that it can
cause over- or under-excavation, produce oversized frag-
ments, and even induce rock bursts (Zhang et al. 2020b;
Niu et al. 2021), posing a major threat to lives, facilities, and
production. Cai et al. (2020, 2021) explained the mechanism
of rock burst based on the hypothesis of coupled static and
dynamic stresses. On the positive side, the elastic energy
stored in a high in situ stress rock mass is released by blast-
ing, which, in turn, promotes the blasting effect (Xiao et al.
2019; Li et al. 2018). Therefore, understanding the failure
mechanism of rocks under the coupling of dynamic and
static loads and establishing a blasting design method con-
sidering in situ stresses are the basis and prerequisites for
deep rock engineering.

The current studies have provided an insight into the
influence of static stresses on the dynamic mechanical prop-
erties (Li et al. 2013, 2017) and failure behavior of rocks
(Yao et al. 2019). Furthermore, static stress has a remarkable
influence on crack formation and propagation (Hao et al.
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2020; Yang and Ding 2018). Li et al. (2020a) performed
model experiments and found that high static stress controls
the fracture and failure pattern of a specimen. Under static
stress, the formation and propagation of cracks parallel to the
applied stress occur preferentially, whereas those perpendic-
ular to it are inhibited (Yang et al. 2019; Li et al. 2020b). The
static stress also changes the crack initiation mode. Under
a biaxial static stress, radial cracks are inhibited to different
degrees, whereas circumferential cracks are promoted during
crater blasting (Zhang et al. 2020a).

The static stress of a rock affects the formation and propa-
gation of cracks and subsequently impacts the shape of the
blasting crater and the characteristics of the blasting frag-
ments. Zhang et al. (2020a) found that under uniaxial and
biaxial static stresses, a rock is more susceptible to flaky
damage during blasting. However, they did not study the
failure mechanism of the blasting fragments under these
static stresses. The characteristics of blasting fragments
under different static stresses and the influence of static
stress on the blasting fragments have been rarely studied.
Furthermore, the failure mechanisms of blasting fragments
under coupled dynamic and static loads have not been
explicitly determined.

Static stress affects not only the characteristics of blasting
fragments but also the shape and size of the corresponding
blasting failure zone. Anisotropic static stress fields pro-
duce an anisotropic failure zone (Zhang et al. 2017; Yilmaz
and Unlu 2013). Similar to the influence of static stress on
cracks, the blasting failure zone is preferentially developed
in the direction of the static stress (Li et al. 2016b; Yi et al.
2018). However, the quantitative relationships between the
diameter, area, volume, and other parameters of the blasting
failure zone and the static stress are still unclear. Despite
the abovementioned previous efforts, the design methods of
shallow-blasting engineering are still widely adopted in deep
rock engineering, and blasting design methods considering
in situ stresses are lacking. In practice, the above problems
have limited the development of deep rock engineering due
to the lack of a reliable design methodology. Therefore, it is
particularly important to study the quantitative relationships

Fig. 1 Photos of experimental
apparatus
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between the static stress and the parameters of the blasting
failure zone and to establish a blasting design method suit-
able for deep high-stress rock engineering.

The Livingston crater blasting theory (Fourney et al.
1991; Li et al. 2016a; Zhang et al. 2018) is commonly
adopted as the theoretical basis of engineering blasting
design. Therefore, in view of the above problems, in this
study, a series of crater blasting experiments are conducted
on green sandstone specimens under various uniaxial com-
pressive stresses. The characteristics and the failure mech-
anisms of the blasting fragments and the blasting craters
under static stresses are studied. The relationships between
the blasting crater parameters and the static stress are ana-
lyzed quantitatively. Finally, based on these quantitative
relationships, a blasting design method considering static
stresses suitable for deep rock engineering is proposed.

Experimental programs
Experimental apparatus

The experimental apparatus (Peng et al. 2019) used in this
study consisted of an electric explosion system, a biaxial
loading system, and a control system, as shown in Fig. 1.
The electric explosion system produced a metal wire electric
explosion to simulate an explosion and impose an explosive
dynamic load on a rock. The loading system was a biaxial
loading press, which can impose different static stress fields
on specimens to simulate the in situ stress state of a deep
rock mass. The control system was a DG535 time-delay syn-
chronization controller, whose function was to control the
operation of the electric explosion system. Table 1 lists the
main technical parameters of the experimental apparatus.

Electrode and specimen
Figure 2 shows a schematic and photograph of the elec-

trode. The electrode diameter was 10 mm, and the insulat-
ing rod material was polylactic acid, which was produced

(b)Electiic eiplgsiorgystemk. 4 ‘) .
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Table 1 Main technical

X Subsystem
parameters of experimental

Technical index Technical parameter

apparatus Electric explosion system

Biaxial loading system

Control system

Rated voltage +30kV

Rated energy 7.2k

Maximum specimen size 500 x 500 x 250 mm®
Horizontal and vertical maximum load 5000 kN

Precision 5ps

Time range 1 ns~999s

by three-dimensional (3D) printing. Two copper bars,
each with a cross-sectional size of 2 mm X 4 mm, were
connected to a copper wire at one end and the electric
explosion system at the other end. The copper wire, 0.4
mm in diameter and 50 mm in length, was coiled into a
symmetrical disc, as shown in Fig. 2.

The quasi-static mechanical parameters of the green
sandstone used in these experiments are listed in Table 2.
As shown in Fig. 3, these rock blocks were cut into cuboi-
dal specimens with dimensions of 300 mm X 300 mm X
150 mm. The blasthole diameter, depth, and minimum
resistance line were 12 mm, 130 mm, and 20 mm, respec-
tively. The prepared electrode was inserted into the bottom
of the blasthole and sealed with a quick-setting cement.
After the quick-setting cement completely dried, crater-
blasting experiments were conducted. In this study, the
free surface of a specimen is defined as the xy plane; the
origin, o, is the intersection of the center of the blasthole
and the free surface; and the z-axis direction is perpen-
dicular to the free surface, as shown in Fig. 3.

Experimental scheme
The crater-blasting experiments conducted in this study

were divided into six groups of uniaxial static compressive
stresses of 0, 8, 12, 16, 24, and 32 MPa, respectively, and

Copper far(iz X4 mm) Copper wire

Polylactic acid
insulating rod

Connect to electric explosion system

Fig.2 Schematic and photo of electrode

corresponding stress—strength ratios (SSRs) of 0, 0.1, 0.15,
0.2,0.3, and 0.4.
The experimental procedure is outlined as follows.

(1) The charging voltage of the electric explosion system
and other equipment parameters were set such that all
equipments were in standby states. In this study, the
charging voltage was 50 kV and the energy storage was
5.0kJ.

(2) A specimen was placed in the biaxial loading system
and connected to the electric explosion system.

(3) A force-controlled loading method was used to apply
a restraint load of 5 kN (0.11 MPa) on the specimen in
the horizontal direction (x-axis direction) to prevent the
specimen from moving and reduce the boundary effect.
Subsequently, the designed static stress was applied in
the vertical direction (y-axis direction).

(4) The electric explosion system was charged to the
designed voltage.

(5) The control system was used to start the electric explo-
sion system and complete the experimental process.

Experimental results and analysis
Characteristics of blasting crater

Photographs of a blasting crater, under different static stress
conditions, presenting its characteristics are shown in Fig. 4.
When no static stress is applied, the blasting crater has a cir-
cular shape, as shown in Fig. 4a. However, when static stress
is applied to the specimen, the shape of the blasting crater
becomes elliptical, with the long axis parallel to the static
stress, as shown in Fig. 4b—f. In addition, with the increase in
the static stress, the long axis of the blasting crater gradually

Table 2 Sandstone mechanical parameters

Density Young’s  Poisson’s Wave Compressive Tensile

kg/m® modulus  ratio velocity strength strength
GPa m/s MPa MPa

2472 27.9 0.22 5028 80.7 4.2
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Fig. 3 Photo of green sandstone specimen

increases. However, the static stress has little influence on
the blasting crater in the direction perpendicular to it.

The block, transition, and flaky failure zones of a blasting
crater without static stress are circular, as shown in Fig. 4a.
When the SSR is 0.1 (see Fig. 4b), the block and transition
failure zones are still circular and isotropic. However, the
flaky failure zone is slightly elliptical, with the long axis
parallel to the static stress direction. This indicates that when
the SSR is 0.1, the static stress does not influence the block
and transition failure zones, whereas it has a small effect on

Fig.4 Blasting crater under dif-
ferent SSRs. a, b, ¢, d, e, f SSRs
are 0, 0.1, 0.15, 0.2, 0.3, and
0.4, respectively

@ Springer

the flaky failure zone. When the SSR values are 0.15 and
0.2, as shown in Fig. 4c and d, the block failure zone is still
circular and isotropic. However, the transition failure zone
becomes elliptical, with the long axis parallel to the static
stress, and the elliptical shape of the flaky failure zone is
comparatively clearer. When the SSR is 0.3, as shown in
Fig. 4e, all three failure zones look elliptical, with the long
axis parallel to the static stress. Similar to the SSR = 0.2
case, a clear crack parallel to the static stress is observable
at the center of the blasting crater. When the SSR is 0.4,
as shown in Fig. 4f, all three failure zones of the blasting
crater remain elliptical, with the long axis parallel to the
static stress. In addition, the elliptical shape is clearer in each
failure zone compared to those at other SSRs.

The results in Fig. 4 show that the static stress first affects
the flaky failure zone. When the static stress reaches a cer-
tain level, it affects the transition failure zone and subse-
quently the block failure zone. The static stress has the
greatest influence on the flaky failure zone, followed by the
transition and block failure zones.

To study the morphological characteristics of a blasting
crater under static stress, a 3D scanner was used to scan and
analyze its morphology. Figure 5 shows the morphological
characteristics of a blasting crater at an SSR of 0.4, based on
which the blasting crater is divided into three failure zones:
block, transition, and flaky failure zones. In Fig. 5a, “Zonel”
is the block failure zone, which is around the blasthole. From
the cross-sectional views of the blasting crater, as shown in
Fig. 5b and c, the blasting crater angle (Zhang et al. 2018) in
the block failure zone is the largest. Not only that, the block
failure zone has the largest depth and the blasting fragments
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Fig.5 Scanning image of blasting crater under SSR of 0.4. a Blasting
crater. b Cross-sectional view parallel to static stress. ¢ Cross-sectional
view perpendicular to static stress

in this zone are cubic. “Zone2” is the transition failure zone,
which is between the block and flaky failure zones. In the
direction parallel to the static stress, the blasting crater angle
of the transition failure zone decreases as the distance from
the blasthole increases (see Fig. 5b). However, in the direc-
tion perpendicular to the static stress, the blasting crater
angle suddenly decreases (see Fig. 5c). Clearly, the transi-
tion failure zone parallel to the static stress is larger than
that perpendicular to the static stress. In other words, in the
direction parallel to the static stress, the block failure zone
transits slowly to the flaky failure zone, but in the direction
perpendicular to the static stress, the block failure zone tran-
sits rapidly to the flaky failure zone. Besides, the blasting
fragments in the transition failure zone present a gradual
transition from block failure to flaky failure. “Zone3” is the
flaky failure zone, which is between the transition failure
zone and the blasting crater boundary. The blasting crater
angle in the flaky failure zone is the smallest, and its depth is
also the smallest. The blasting fragments in the flaky failure
zone are nearly two-dimensional (2D) flakes. Similar to the
transition failure zone, the area of the flaky failure zone par-
allel to the static stress is more larger than that perpendicular
to the static stress.

As shown in Fig. 5b, the blasting crater angle of the block
failure zone, in the direction parallel to the static stress is
large, and it slowly transitions from the block failure zone to
the flaky failure zone, with a larger transition failure zone. In
the direction perpendicular to the static stress, as shown in
Fig. 5c, the blasting crater angle of the block failure zone is
small, and it rapidly transitions from the block failure zone
to the flaky failure zone, with a small transition failure zone.

Characteristics of blasting fragments

Static stress not only affects the shape of a blasting crater but
also has a significant influence on the corresponding blast-
ing fragments. Figure 6 shows the blasting fragments under
different SSRs. Based on their morphological characteristics
and corresponding to the failure zones of the blasting crater,
the blasting fragments are classified into three types: block,
transition, and flaky failure fragments. Interestingly, it is
observed that the block failure fragments are cubic while the
flaky failure fragments are 2D flakes. The transition failure
fragments have the characteristics of both block and flaky
failure fragments, and they are 3D at one end and similar to
2D flakes at the other end.

When the SSR is 0 (Fig. 6a), the blasting fragments
mainly comprise block failure fragments and some flaky fail-
ure fragments. The fragment sizes are uniformly distributed,
and no clear oversized fragments are produced. When the
SSR is 0.1 (Fig. 6b), the blasting fragments are still mainly
from the block failure fragments, and the fragment sizes are
uniformly distributed. Moreover, the blasting fragment sizes
are basically the same as those when the SSR is 0, which
indicates that when the SSR is small, static stress does not
have a significant influence on the blasting fragments. When
the SSR is 0.15 (Fig. 6¢), the blasting fragment character-
istics are different from those when the SSRs are 0 and 0.1.
In this case, although the blasting fragments still consist of
mainly block failure fragments and few flaky failure frag-
ments, the former are elongated. This is because the static
stress promotes crack propagation parallel to its direction but
inhibits that perpendicular to its direction (Yang and Ding
2018; Yang et al. 2019; Zhang et al. 2020a). Therefore, the
long axis of a block failure fragment is parallel to the static
stress direction. The above results show that when the SSR is
0.15 and above, the influence of the static stress on the blast-
ing fragments needs to be considered in the blasting design.

When the SSR is 0.2 (Fig. 6d), an oversized fragment is
formed at the center of the blasthole, and the blasting frag-
ment sizes are no longer uniform. When the SSRs are 0.3 and
0.4 (Fig. 6e and f), both blasting fragment masses and sizes
are significantly greater than under the smaller static stress
condition. Simultaneously, there is a greater increase in the
flaky failure fragments than those in the other fragments.

@ Springer
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Fig.6 Blasting fragments under
different SSRs. a, b, ¢, d, e, f
SSRs are 0, 0.1, 0.15, 0.2, 0.3,
and 0.4, respectively

Based on the above results, the static stress produces oversized
fragments and increases the number of blasting fragments, par-
ticularly the flaky fragments. However, Figs. 4 and 6 show that
the static stress increases only the blasting fragments parallel to
its own direction, whereas it has little influence on the blasting
crater in the direction perpendicular to the applied stress.

Parameters of blasting crater

The diameter, area, and volume of a blasting crater are meas-
ured to investigate the quantitative relationships between the
blasting crater parameters and the static stress. Simultane-
ously, the blasting crater parameters are made dimensionless
to quantitatively analyze the influence of the static stress. The
diameter increment ratio, area increment ratio and volume
increment ratio are introduced.

Dxi_DXO

x 100%
x 100%

a. =

Xt D%
i yO
a, = —=
yi DyO

o}

ey

where a,; and a,, are the increments in the blasting crater
diameters perpendicular and parallel to the static stress at
the SSR = i, respectively; D,; and D, are the blasting cra-
ter diameters perpendicular and parallel to the static stress
direction at the SSR = i, respectively; D,, and D, are the
blasting crater diameters in the absence of the static stress.
In this study, i = 0.1, 0.15, 0.2, 0.3, and 0.4.
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B = A x 100% )

where f; is the increment in the blasting crater area at the
SSR =i, A, is the blasting crater area at the SSR = i, and
A, is the blasting crater area in the absence of static stress.

V-V

0

Z x 100% 3)
where y; is the increment in the blasting crater volume at the
SSR =i, V, is the blasting crater volume at the SSR = i, and
V) is the blasting crater volume in the absence of static stress.

Diameter of blasting crater

The quantitative relationship between the blasting crater
diameter and the SSR and the influence of the static stress
on the former are analyzed. The increments in the blasting
crater diameter under different SSRs are calculated using
Eq. (1). Figure 7 shows the quantitative relationships among
the blasting crater diameters (D,; and D,;), increments in the
diameters, and SSR. It can be seen that the variation in the
diameter perpendicular to the static stress, D,;, is small, and
its maximum increment does not exceed 20%. Therefore, the
influence of the static stress on the blasting crater diameter
perpendicular to it is almost negligible.
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Fig. 7 Blasting crater diameters and diameter increments under dif-
ferent SSRs

However, the diameter parallel to the static stress, Dy,-,
gradually increases with the increase in the SSR. When the
SSRis 0.1, the static stress has a significant influence on D,
with an increment of 22%. When the SSR increases from 0.2
to 0.3, the increment in Dy, is only 1%, indicating that D,
presents a gradual growth phase. When the SSR reaches 0.4,

D,; increases rapidly up to 103%.
Area of blasting crater

To study the quantitative relationship between the blasting
crater area and the SSR and the influence of the static stress on
the former, an Artec Space Spider 3D scanner is used to meas-
ure the blasting crater area. The increments in the blasting
crater area under different SSRs are calculated using Eq. (2).

The quantitative relationships among the blasting cra-
ter area, area increment, and SSR are presented in Fig. 8.

350 A 120%
y = 137.64¢! 8802«
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= —&— A; increment =
g L 80% 2
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% - 60% E
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0 0.1 0.2 0.3 0.4

Stress—strength ratio

Fig.8 Blasting crater areas and area increments under different SSRs

As the SSR gradually increases, the blasting crater area
also gradually increases. When the SSR is 0.1, the incre-
ment in the blasting crater area is 17%. When the SSR
increases to 0.2, the increment in the blasting crater area
increases to 49%. When the SSR increases from 0.2 to 0.3,
the increment in the blasting crater area is insignificant,
only 4%. When the SSR reaches 0.4, the blasting crater
area increases rapidly, with an increment of 114%.

Volume of blasting crater

This section presents the analysis of the quantitative rela-
tionship between the blasting crater volume and the SSR
as well as the influence of the static stress on the relation-
ship. The increments in the blasting crater volume under
different SSRs are calculated using Eq. (3).

Figure 9 shows the quantitative relationships between
the blasting crater volume, volume increment, and SSR. It
can be seen that as the SSR gradually increases, the blast-
ing crater volume also gradually increases. When the SSR
is 0.1, the volume increment is 10%, which is very small
under this condition. When the SSR is 0.15, the volume
increment is 18%, and the influence of the static stress on
the blasting crater volume is non-negligible. Specifically,
when the SSR is 0.15 and above, the influence of the static
stress on the blasting volume needs to be considered in
blasting design. When the SSR increases to 0.2, the blast-
ing crater volume continues to increase. However, when
the SSR increases from 0.2 to 0.3, the increment in the
blasting crater volume is only 4%. This indicates that the
influence of the static stress on the blasting crater vol-
ume is not significant, presenting a stabilization phase.
When the SSR is 0.4, the blasting crater volume increment
reaches 71%.

s y = 110.74¢!3615¢ 80%
en —.—V; R2=0.9545 70% -
E a0 —&— T} increment - 60% g
S 160 - so% B
2 - 40% T
§ e - 30% 5
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~ 120 20%

L 10%

100 & : 0%

0 0.1 0.2 0.3 0.4
Stress—strength ratio

Fig. 9 Blasting crater volumes and volume increments under different
SSRs
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Fig. 10 SEM fractography P

images of block failure zone. a
Magnification 1000x. b Magni-
fication 3000x

EHT = 1500 kv
WD = 7.4 mm

Signal A = SE2
Meg= 1.00KX

Signal A = SE2
Mag= 300KX

EHT = 1500kV.
WD= 74 mm

Date :26 Oct 2020
Time :11:33:46 Time :11:34:22

Discussion
Failure mechanism of blasting crater

Scanning electron microscopy (SEM) is an effective method
for studying the failure mechanism of rocks (Xu et al. 2019;
Zhao et al. 2018). To study the failure mechanism of the
block, transition, and flaky failure zones, samples were
examined at points A, B, and C, respectively, shown in
Fig. 5, for the SEM analysis.

Failure mechanism of block failure zone

The SEM microfractography images of the block failure zone
at magnifications of 1000x and 3000x, presented in Fig. 10,
show that it involves a high-temperature burning bubble-like
area. The wire electric explosion is a high-temperature and
high-pressure process, and the high temperature generated
by the electric explosion results in the burning bubble-like
block failure area.

Figure 10b shows a partially enlarged view of Fig. 10a.
It can be seen that the rock is densely covered with snake-
shaped microcracks of different widths and lengths. Under
the action of the shock wave, the local stress concentration
leads to the formation of microcracks. The microcracks
are rapidly passivated to form holes, and the holes become

Fig. 11 SEM fractography
images of transition failure
zone. a Magnification 1000x. b
Magnification 3000x

connected to each other to form penetration cracks. When
adjacent cracks join, the rock undergoes brittle fracture
(Zhao et al. 2018). Although the high temperature destroys
the fracture morphology characteristics of the block failure
zone caused by the shock wave, it can be speculated that the
shock wave provoked by the wire electric explosion propa-
gates in the direction of the free surface and causes tensile
fracture of the rock. Therefore, the failure mechanism of
the block failure zone is jointly affected by tensile and high-
temperature burn damage.

Failure mechanism of transition failure zone

Figure 11 shows the microfractography images of the tran-
sition failure zone at magnifications of 1000x and 3000x.
Although the transition failure zone is also subjected to the
high temperature of the wire electric explosion, the degree
of burn is very small compared to the block failure zone, and
the fracture characteristics are clearly visible.

In Fig. 11b, clear scratches are observed on the fracture
surface and a lot of debris is distributed, which indicates that
the transition failure zone is subjected to shear damage. Con-
currently, the fracture surface is smooth, except for the shear
damage zone in Fig. 11a, which indicates that the transition
failure zone is also subjected to tensile damage. Moreover,
the tensile damage zone accounts for a larger proportion of
the transition failure zone than the shear damage zone. The

Date :26 Oct 2020
Time :11:21:52

EHT = 1500V
WD = 9.6 mm

Date :26 Oct 2020
Time :11:21:13 |
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Fig. 12 SEM fractography
images of flaky failure zone. a
Magnification 1000x. b Magni-
fication 3000x

EHT = 15.00kV.
WD = 13.7 mm

ap

EHT = 1500kV.
WD = 13.7 mm

Signal A = SE2
Mag= 300KX

Date :26 Oct 2020
Time :11:10:22

Date :26 Oct 2020
Time :11:10:11

above results show that the transition failure zone is caused
by joint tensile and shear damage, where the tensile damage
is dominant and the shear damage is supplementary.

Failure mechanism of flaky failure zone

Figure 12 shows the microfractography images of the flaky
failure zone at magnifications of 1000x and 3000x. It can
be seen that the flaky failure zone is unaffected by the high
temperature of the wire electric explosion. Concurrently, the
fracture surface of the flaky failure zone is smooth and clean,
without scratches and debris. In addition, fracture occurs on
the crystal faces, which are parallel but not coplanar to each
other. According to the fractography theory, a step-shaped
hackle (Fig. 12b) constitutes a significant feature of brit-
tle fracture (Feng et al. 2020). At a free surface, the shock
wave is prone to reflection and transmission. Therefore, it
can be speculated that the failure mechanism of the flaky
failure zone is the tensile damage caused by the reflection
and transmission actions of the shock wave.

Failure mechanism of blasting fragment
Failure mechanism of block fragment

A block fragment contains three fracture surfaces: frac-
ture surfaces adjoining the block failure zone, parallel to

Fig. 13 SEM fractography

of block failure fragment at
magnification 1000X. a Fracture
surface parallel to static stress.
b Fracture surface perpendicu-
lar to static stress

EHT = 15.00kV
WD = 10.6 mm

Mag= 100KX

the static stress direction, and perpendicular to the static
stress direction. The block failure zone is produced by high-
temperature burn damage and shock wave tensile damage.
Therefore, the adjoining fracture surface of a block fragment
is also a result of both damages.

To study the fracture mechanisms of parallel and perpen-
dicular static stress fracture surfaces, samples were examined
at points A and B of a block fragment, as shown in Fig. 6f
for the SEM analysis. Figure 13a and b shows the micro-
fractography images of the fracture surfaces parallel and
perpendicular to the static stress, respectively. In Fig. 13a,
the fracture surface parallel to the static stress is character-
ized by intergranular fracture, and there are no scratches and
debris on the surface, indicating that the fracture surface is
caused by tensile damage. Interestingly, the fracture surface
perpendicular to the static stress, as displayed in Fig. 13b,
has the similar microscopic characteristics as that parallel
to the static stress. Therefore, the perpendicular static stress
fracture surface is also produced by tensile damage. In sum-
mary, the examined block fragment is produced by high-
temperature burn damage and tensile damage, with the latter
being dominant.

Failure mechanism of transition fragment

Although blasting fragments are classified into block, tran-
sition, and flaky fragments, the transition fragments are

EHT = 1500kV
WD = 10.0 mm

Date :26 Oct 2020
Time :11:26:13

Signal A= SE2
Mag= 100KX

Date :26 Oct 2020
Time :11:27:26
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rare and mostly connected to block fragments. A transition
fragment contains two fracture surfaces: fracture surfaces
adjoining the transition failure zone (as shown in Fig. 11)
and parallel to the static stress (as shown in Fig. 13a). There-
fore, it can be determined that a transition fragment is gener-
ated by the shear and tensile damage.

Failure mechanism of flaky fragment

A flaky fragment is a 2D flake, and its fracture surface is
mainly the surface adjoining the flaky failure zone. The frac-
ture surface of a flaky fragment can be considered to have
the same characteristics as the flaky failure zone, as shown
in Fig. 12. Therefore, the failure mechanism of a flaky frag-
ment is the tensile damage, the same as that of the flaky
failure zone.

Effects of static stress on blasting crater parameters

As shown in Figs. 7, 8, and 9, the relationships between the
blasting crater diameter parallel to the static stress, area,
volume, and SSR present similar trends. Based on Figs. 7, 8,
and 9, the blasting crater parameters increase obviously with
the increase in the SSR when the SSR is between 0 and 0.2.
However, when the SSR is between 0.2 and 0.3, the blasting
crater parameters change slightly. Moreover, when the SSR
exceeds 0.3, the blasting crater parameters increase sharply.
The experimental results show that the relationship between
each blasting crater parameter and the SSR can be divided
into three phases: (1) a linear growth stage when the SSR is
0-0.2, (2) a gradual growth stage when the SSR is 0.2-0.3,
and (3) a rapid growth stage when the SSR is 0.3-0.4.
Figure 14 shows the relationships between the increments
in the blasting crater parameters and the SSR. Although

120% - Linear growth Gradual growth Rapid growth
------------------- . A
o —e— Dy ' i
90% 1 o Area i '

—a— Volume

60%

Increment

30%

0%

0 0.1 0.2 0.3 0.4
Stress—strength ratio

Fig. 14 Relationships among increments in blasting crater parameters
and SSR
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the increments in the blasting crater diameter parallel to
the static stress, area, and volume present similar trends,
their magnitudes are rather different. At the same SSR, the
increments in the blasting crater diameter and the blasting
crater area are similar, but the increments in the blasting
crater volume are smaller than them. Therefore, the influ-
ence of the static stress on the volume is less than that on
the diameter and the area. This is because the static stress
mainly increases the flaky failure zone, which is shallow
and accounts for a smaller proportion of the blasting crater
volume.

Blasting design method considering static
stress

Figure 4 shows that an anisotropic static stress field pro-
duces anisotropic blasting craters, indicating that the influ-
ence of static stress on the blasting crater shape needs to
be considered in the blasting design. In Fig. 9, the blasting
crater volume increases with the static stress, which means
that the explosive unit consumption should be reduced.
This is because a blasting disturbance induces the release
of the elastic energy in a rock mass (Liu et al. 2017; Kuili
and Sastry 2018; Xiao et al. 2019). However, Fig. 6 shows
that static stress also leads to the formation and increase
of oversized fragments, indicating that the explosive unit
consumption should be increased. Therefore, it is necessary
to comprehensively consider the effects of static stresses
on the blasting crater shape, volume, and blasting fragment
size in the blasting design.

Figure 15 shows a schematic of the coverage area of the
blasthole in the absence and presence of static stress. In
the absence of static stress, the blasting crater is circular
(Fig. 4a). Therefore, the coverage area of the blasthole is
also circular (Fig. 15a). However, under static stress, the
blasting crater becomes elliptical, with the long axis par-
allel to the static stress, as presented in Fig. 4c—f. If the
blasthole arrangement pattern without consideration of static
stresses is still used, the adjacent blasthole coverage areas
will considerably overlap in the static stress direction, as
shown in Fig. 15b, which, in turn, will lead to problems

<

Fig. 15 Schematic of blasthole coverage area. a without static stress.
b without changing blasthole spacing under static stress. ¢ with
changing blasthole spacing under static stress
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such as excessive damage and over-excavation. Therefore,
it is necessary to adjust the blasthole spacing under static
stress so that it uniformly covers the blasting area, as shown
in Fig. 15¢.

When only considering the influence of static stress on
the blasting crater shape, the blasthole spacing should be
modified as follows:

al =ax (a,;+1)
b/ =bx (ay +1) @)

where a and b are the blasthole spacings without static
stress, and a:. and b:. are the blasthole spacings parallel and
perpendicular to the static stress, respectively, as shown in
Fig. 15.

In Eq. (4), a,; is approximately 0, and a,, increases
gradually with the increase in the SSR. Therefore, with the
increase in the static stress, the blasthole spacing perpen-
dicular to it remains unchanged, whereas that parallel to the
static stress gradually increases.

Figure 9 shows that the blasting crater volume gradually
increases with the increase in the SSR. Therefore, the static
stress also affects the explosive unit consumption. Explosive
unit consumption is one of the main factors in the blasting
design, which is defined as follows (Gasparyan 1979):

_Q .
=5 5)
where ¢ is the explosive unit consumption, kg/m®; Q, is the
amount consumption of explosives, kg; and Q, is the volume
of rock broken by blasting, m>.

When the SSR is varied, the explosive unit consumption
can be modified as follows:

Q.

qi = Qr(l +}/l)

(6)

As shown in Fig. 6¢—f, the blasting fragment size clearly
increases with the static stress. Therefore, when designing
blasting, the influence of static stress on the blasting frag-
ment size should also be considered. The fragment size can
be reduced by two methods: (1) increasing the explosive unit
consumption without changing the blasthole spacing, and (2)
reducing the blasthole diameter and spacing and increasing
the number of blastholes for more uniformly distributing
the explosives.

Previous studies have shown that the drilling speeds of
small-diameter drills are higher than those of large-diameter
drills under the same conditions. For each 1-mm reduction in
the bit diameter, the drilling speed is increased by 3—4% (He
and Qian 2010). Small-diameter drill and small-diameter
charge-blasting technology can improve excavation speed.
Simultaneously, it results in uniform distribution of the

explosives, which helps in improving the blasting quality.
Therefore, in this study, reducing the diameters and the spac-
ings of blastholes and increasing the number of blastholes
are suggested to control the blasting fragment size. When
considering the influence of static stress on the blasting cra-
ter shape and blasting fragments size, the adjusted blast-
hole spacing with variation in the SSR can be expressed as
follows:

I
1) x 4 )

where /4 is the blasthole diameter reduction coefficient.
A is defined as the ratio of the blasthole diameter under
static stress to that under no static stress.

A=R/R 8)

where R' is the reduced diameter of the blasthole under static
stress and R is the original diameter of the blasthole under
no static stress.

After the spacing and diameter of the blasthole are deter-
mined, the adjusted explosive unit consumption with the
variation in the SSR can be obtained as follows:

/ Q.

== _xp
@ Qr(1+7i) ! 2

where 7, is the increase in the coefficient of explosive unit
consumption under static stress.

n; is defined as the ratio of the explosive unit consump-
tion at an SSR to that under no static stress at the same
blasting fragment size. ;; can be determined based on actual
site conditions. As static stress increases the blasting frag-
ment size, the explosive unit consumption under the static
stress must be increased to achieve a smaller blasting frag-
ment size. Therefore, the increase in the coefficient of the
explosive unit consumption, #,, is greater than 1. After the
determination of the blasthole diameter, blasthole spacing,
and explosive unit consumption using Eqgs. (7)—(9), other
blasting parameters can be selected based on an existing
blasting design method.

This blasting design method considers the influence of
static stress on the blasting crater shape, volume, and blast-
ing fragment size, which is beneficial for deep rock engi-
neering. However, it should be noted that this blasting design
method only considers the influence of a uniaxial static
stress on blasting. A blasting design method considering
biaxial stresses needs to be studied further. Moreover, this
method needs to reduce the blast hole diameter and increase
the number of blast hole, which means that the cost of drill-
ing will increase. In addition, the blasting design method
also lacks the validation of field experiments, and the factors
of the influence of static stress on the blasting failure zone,
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such as ay;, ay;, f;, v;, and n;, need to be obtained by conduct-

ing numerous field experiments.

Conclusions

In this study, crater-blasting experiments on sandstone speci-
mens under various uniaxial compressive static stresses were
performed. The following conclusions are drawn.

(1) The blasting crater can be divided into block, transition,
and flaky failure zones. Correspondingly, the blasting
fragments can be classified into block, transition, and
flaky fragments. The block failure zone and the block
fragments are caused by tensile and high-temperature
burn damage. The transition failure zone and the transi-
tion fragments are produced jointly by tensile and shear
damage. The flaky failure zone and the flaky fragments
are caused mainly by tensile damage.

(2) When the SSR is 0.1, the uniaxial static stress has a
significant influence on the diameter and area, whereas
it has little influence on both volume of the blasting
crater and fragment size. When the SSR is 0.15, the
static stress has a significant influence on both blasting
crater volume and fragment size. When the SSR is 0.2,
it tends to generate oversized blasting fragments. When
the SSR is 0.4, the blasting crater parameters sharply
increase.

(3) The influence of the uniaxial static stress on each blast-
ing crater parameter can be divided into three stages:
(1) linear growth stage when the SSR is between 0 and
0.2, (2) gradual growth stage when the SSR is between
0.2 and 0.3, and (3) rapid growth stage when the SSR
is between 0.3 and 0.4.

(4) The uniaxial static stress has a significant influence on
the blasting craters parallel to it, whereas it has a negli-
gible effect on those perpendicular to the applied stress.
The static stress tends to produce oversized fragments
and has the most influence on the flaky failure zone,
followed by the transition and block failure zones.

(5) A blasting design method considering the static stress
that is applicable to deep rock engineering is proposed
based on the quantitative relationships among the blast-
ing crater parameters and the static stress.
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