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Abstract

The technique of multi-long-hole blasting with large empty holes has been used in practice to break rock mass. However,
the damage mechanism of rock mass surrounded by empty holes and boreholes under this type of blasting has not yet been
well-understood and identified, which may lead to inappropriate design of the configurations of empty holes for multi-long-
hole blasting. The present study investigates the damage modes and mechanism of rock mass under multi-long-hole blasting
with large empty holes by conducting a field test and numerical simulations. The results show that multi-long-hole blasting
with empty holes mainly causes compressive damage of rock mass around boreholes, reflected tensile damage near empty
holes and ground surface, bending-induced tensile damage between empty holes and boreholes, shear damage along the
side tangents and bottom of empty holes and boreholes, and tensile damage along the connection of boreholes caused by the
superposition of stress waves. In addition, parametric studies are conducted to examine the effects of depths and diameters
of empty holes and the spacing between boreholes and empty holes on the damage and fragmentation of rock mass under
blast loads. It is found that the flexural stiffness and confined levels of rock mass can be greatly influenced by the variation
of configurations of empty holes, which thus induces different damage and fragmentation under multi-long-hole blasting.
Analytical formulas for the evaluation of shear and bending-induced damage of rock mass under multi-long-hole blasting
are finally proposed to provide references for the design of empty holes in multi-long-hole blasting.

Highlights

Damage modes and mechanisms of multi-long-hole blasting with large empty holes are identified.
Rock fragmentation characteristics under this blasting are examined.

Effects of configurations of empty holes on the performance of multi-long-hole blasting are revealed.
Analytical formulas are developed to evaluate rock damage under this blasting.
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space to allow better expansion of blast-induced rock frag-
ments and ensure effective throw of rock fragments from
highly confined regions (Mandal et al. 2007). In addition,
empty holes favor the reduction of borehole burdens due to
reduced rock thickness around boreholes with the presence
of free surfaces of empty holes (Konya and Walter 1991).
However, drilling empty holes significantly increases work
time and blasting costs due to additional drilling operations.
Therefore, it is essential to finely design configurations of
empty holes for highly confined blasting to minimize the
losses caused by the drilling of empty holes.

To appropriately configure empty holes, many studies
(Adhikari et al. 1999; Ding et al. 2023; Jong et al. 2004; Shi
et al. 2023; Yilmaz 2023; Zare and Bruland 2006; Zhang
et al. 2021) have investigated the configurations of empty
holes on the performance of highly confined blasting. For
example, Zhang et al. (2021) evaluated the crater forming
performance induced by the cut blasting with a centric large-
diameter empty hole. It was found that the spacing between
empty holes and boreholes greatly affected the cut efficiency
of rock craters. In addition, Shi et al. (2023) compared the
rock damage induced by the nine-hole cut blasting with dif-
ferent layouts of empty holes. The results showed that the
blast-induced rock damage depended to a large extent on the
layout of empty holes around boreholes. Moreover, empty
holes combined with long boreholes have been intensively
used for large-scale blasting in practice to achieve high
advance per round with less time cost. For instance, Liu
et al. (2018) carried out the field test of two-shot long-hole
raise blasting with multiple large-diameter empty holes to
excavate a rock shaft with an axial length of 23 m. Another
example given in Chandrakar et al. (2023) was that a 25 m
length of rock shaft was advanced using single-shot long-
hole blasting with multiple large-diameter empty holes. The
results showed that high volume ratios of empty holes could
facilitate the advancement of the blast-generated rock shaft.
Due to the large volume of long-hole blasting in a single
step, the fine requirements on the configurations of empty
holes for long-hole blasting are further elevated as compared
to those for short-advance blasting. Therefore, it is critical to
appropriately configure empty holes for long-hole blasting to
ensure effective advances and good fragmentation.

Currently, two methods based on expansion theory (Zare
2007) and empirical diagrams (Persson et al. 2018) are com-
monly used in practice to configure empty holes for long-
hole blasting. The expansion theory specifies that the vol-
ume of rock fragments induced by blast loads is not greater
than the total volume of empty holes, boreholes, and rock
mass before blasting to allow the sufficient expansion of
blast-induced rock fragments. The details on the expansion
theory to design empty holes for long-hole blasting can be
found in Zare (2007). It is noted that the expansion theory-
based design assumes that the effective breakage of rock
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mass between boreholes and empty holes can be achieved,
which, however, needs to be calculated and validated. To
ensure the effective breakage of rock mass between bore-
holes and empty holes, empirical diagrams given in Persson
et al. (2018) are widely used in practice, among which the
spacing of the borehole and empty hole is required less than
1.5 times the diameter of empty hole. However, the empiri-
cal diagrams-based design does not incorporate the effects
of explosive properties, charge configurations, and rock
conditions on the configurations of empty holes for long-
hole blasting. Using the empirical diagrams to configure the
empty holes for multi-long-hole blasting may cause poor
breakage of rock mass and even failure to form effective rock
damage between the boreholes and empty holes. Therefore,
developing reliable design guidelines of empty holes for
long-hole blasting is urgent to ensure effective damage and
breakage of rock mass under long-hole blasting.

To provide a reliable design for long-hole blasting with
empty holes, it is important to understand the damage modes
and mechanism of rock mass surrounded by boreholes and
empty holes. Currently, it is commonly agreed that the
reduced burden around the boreholes due to the presence
of empty holes can facilitate the blast-induced damage and
breakage of rock mass between boreholes and empty holes
(AyalaCarcedo 2018). However, to our best knowledge, the
detailed damage modes and mechanism of the rock mass
surrounded by empty holes and boreholes are not well-
discussed and clarified yet. Therefore, this study aims to
reveal the damage modes and mechanisms of rock mass
under long-hole blasting with empty holes by a field test
and numerical simulations. The effects of configurations of
empty holes on blast-induced rock damage and fragmenta-
tion are also evaluated to better reveal the actions of empty
holes on the performance of long-hole blasting. A discussion
is finally conducted to propose analytical formulas for the
evaluation of the damage of rock mass between boreholes
and empty holes.

2 Field Test and Numerical Simulation

To investigate the damage and fragmentation of rock mass
subjected to long-hole blasting with large-diameter empty
holes, the field test and numerical simulation of a rock
shaft excavated using the one-shot multi-long-hole blasting
method are conducted in this section. The details are given
below.

2.1 Test Setup
The field test for the blasting excavation of a rock shaft is

carried out in an open-pit mine in China. The diameter of
the rock shaft is expected to be 2.5 m. Figure 1a shows the



Damage and Fragmentation of Rock Under Multi-Long-Hole Blasting with Large Empty Holes

(a) Hole arrangement

and charge structures

------ O &
o 0%,
o ™ 0
e #90mm % %, il o
‘ e A " Y ain eriphera
d C;( O 0%, 0 "% borehole hole
f 4 ' ‘e, . _
:,' ¢250 mm '.‘ '5% = A g A
© ' h £ P E £ P E
ﬁ ot ; i E i z v
A ‘. Empty hole / A A - ﬁ" 3 A
Q | 2.0 8 '
T aem L E
o SR o 5 sl :
_____ P E £ E
N Z5m 4 ) ; 2
A-A section s : £ i E
: .
'y 3 i P E S i
LD el gl
B et e it s 5
. ol 111 | | T : :
E £ S :
L ©w : s H
= : Detonating :
. i cord Y| !
E ki
1 i Y
Yy
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Fig. 1 Test setups of rock shaft using multi-long-hole blasting with large-

details of hole arrangements for the blasting excavation of
the rock shaft. A total of 12 peripheral holes with the same
diameter of 90 mm are evenly assigned along the expected
profile of the rock shaft. Five main boreholes along with
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four empty holes are drilled inside the shaft boundary. The
five main boreholes with the same diameter of 90 mm are
arranged as a central borehole and four side boreholes evenly
distributed along the circle at a distance of 0.75 m from the
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central borehole. Four empty holes with the same diameter
of 250 mm are arranged at equal angles around the central
borehole and are inscribed with the circle across the four
evenly distributed main boreholes. The designed depths of
main boreholes, peripheral holes, and empty holes are 7.5 m,
6.5 m, and 5 m, respectively. However, the actual drilling
depths of peripheral holes and empty holes are, respectively,
7 m and 6 m due to difficulties in controlling the drilling
accuracy in the field test. The packaged emulsion explo-
sive with a diameter of 70 mm is continuously filled in the
main boreholes along the borehole depth. The peripheral
holes are filled by a series of emulsion explosive columns,
each 30 mm in diameter and 0.3 m in length. The axial
gaps between adjacent explosive columns are set as 0.2 m.
The detonating cord is used to connect different explosive
columns in peripheral boreholes. The stemming lengths
of the main and peripheral boreholes are 1.5 m and 1 m,
respectively. Figure 1b shows the construction process to
drill holes and fill charge. It is noted that the twelve periph-
eral boreholes are simultaneously detonated and are ignited
110 ms earlier than the main boreholes.

2.2 Numerical Models

Since it is difficult to record the entire process of rock blast-
ing conducted in the field test, the numerical model of rock
blasting with the same configurations as the field test is
established in this section using LS-DYNA to reveal the
damage process and mechanism of rock under long-hole
blasting with large-diameter empty holes.

\'.': \

Mai;‘l:borehéles

2.2.1 Finite-Element Model of Rock Shaft Blasting

Figure 2 shows the finite-element model of rock shaft
blasting with multiple long boreholes and large-diame-
ter empty holes, which keeps the same as the blasting
design given in the field test. Since the blasting design
given in Sect. 2.1 is symmetric along the centre of rock
shaft, a quarter cylinder numerical model with a radius
of 4 m and a height of 13 m is built in this section to save
computational costs. The numerical model incorporates
peripheral holes (two half peripheral holes and two full
peripheral holes), main boreholes (a 1/4 centric hole and
a full side hole), and empty holes (two half holes along
the symmetric surfaces). The top surface of the model
is specified as the free boundary to simulate the rock
blasting with a single free surface. The right and left sur-
faces are assigned as symmetric boundaries to realize the
assumption of model symmetry. Non-reflecting boundary
is applied to the bottom and back surfaces of the numeri-
cal model to simulate the infinite domain of rock mass.
The explosive is meshed using 50 mm solid elements,
which is determined through mesh convergence study.
To improve computational efficiency, the rock mass is
meshed by gradually increased sizes of solid elements
(50-200 mm) from close-in explosion areas to model
boundaries. The gaps between the explosives and rock
mass are filled by air layers, which share common nodes
with explosives. To ensure effective transmission of
explosion waves to surrounding rock mass, the air layers
are partially overlapped with the rock mass. In addition,
the arbitrary Lagrangian—Eulerian (ALE) multi-material
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Fig.2 Numerical model of multi-long-hole blasting with large-diameter empty holes
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method combined with fluid—structure-interaction (FSI)
approach is employed to achieve the interaction between
rock mass and explosive. The stemming and charge struc-
tures of main boreholes and peripheral holes keep the
same as those given in the field test.

2.2.2 Material Models and EOS

Rock mass, explosive, and air are presented in the numeri-
cal models. In this study, *MAT_RHT, *MAT_HIGH_
EXPLOSIVE_BURN, and *MAT_NULL are employed
as the material models of rock mass, explosive, and air,
respectively. A total of 37 parameters (see Table 1) are
required for *MAT_RHT to simulate the behaviour of
rock mass under blast loads. The basic parameters are
determined based on the mechanical properties of rock
mass in the field test. The parameters significantly influ-
encing the behaviour of *MAT_RHT (e.g., failure surface
parameters) are obtained by empirical equations given in
Liu et al. (2018). The accuracy of those empirical equa-
tions in determining corresponding parameters has been
widely evaluated and validated in existing studies (Liu
et al. 2018; Xie et al. 2017; Li et al. 2022), which are
thus employed in this study. The remaining parameters
are integrated from Xie et al. (2017) and Liu et al. (2018).

To simulate the pressure of explosive detonation,
Jones—Wilkins—Lee (JWL) equation of state (EOS) is
employed. In addition, *EOS_LINEAR_POLYNOMIAL

is utilized to describe the pressure states of air. The
parameters of material models and equation of state
(EOS) for explosive and air are given in Table 2.

2.3 Comparison of Test and Simulation Results

2.3.1 Comparison of Shaft-Forming Results and Simulated
Damage

Figure 3 shows the measured results of blast-generated
rock shaft and the profiles of simulated blast-induced rock
damage. The overall depth of the rock shaft formed in the
test is approximately 6.2 m. An obvious overbreak area on
the upper left side of the rock shaft along the cross section
is observed, which may be caused by the combined actions
of blast loads and macro-cracks at the area. However, no
obvious overbreak is formed in the simulation, since no
macro-crack is incorporated in the numerical model due to
the difficulties in determining the features of actual macro-
cracks. Meanwhile, it can be found that when the depth of
the rock shaft is not greater than 5.3 m, the simulated dam-
age profile with the damage levels over 0.8 (i.e., red area)
can well-agree with the measured profile of the rock shaft
along the cross section (see B—B section). Moreover, the
rock mass in the main blasting area with the shaft depths
between 5.3 and 6.2 m is still well-broken in the test. How-
ever, the rock mass between the main blasting areas and
peripheral holes in the same depth ranges is not effectively

Table 1 Parameters of RHT model (Liu et al. 2018; Xie et al. 2017) for rock mass used in this study

Type Specific parameter Value Specific parameter Value

Basic parameters Tensile strength (MPa) 9 Elastic shear modulus (GPa) 13.27
Shear strength (MPa) 72 Density (kg/m3) 2518
Compressive strength (MPa) 90

Strain rate parameters ~ Reference compressive strain rate E, 3e7d Reference tensile strain rate E, 3¢S
Break compressive strain rate E, 3e% Break tensile strain rate E; 3e%
Tensile strain rate dependence exponent 0.0182  Compressive strain rate dependence exponent ~ 0.0138

Strength parameters Lode angle dependence factor Q, 0.68 Lode angle dependence factor B 0.05
Compressive yield surface parameter G, 0.53 Tensile yield surface parameter G, 0.7
Volumetric plastic strain fraction in tension P; ~ 0.001 Erosion plastic strain E,; 2
Shear modulus reduction factor X; 0.8 Minimum damaged residual strain £, 0.015
Residual surface parameter A, 0.25 Residual surface parameter N, 0.62
N: failure surface parameter 0.68 A: failure surface parameter 2.65

Damage parameters Damage parameter D, 0.04 Damage parameter D, 1

EOS parameters Initial porosity aj 1.0 Porosity exponent N, 3
Gruneisen gamma y 0 Compaction pressure P, (GPa) 6
Parameter for polynomial EOS B, 1.22 Parameter for polynomial EOS B, 1.22
Parameter for polynomial EOS T, (GPa) 36.22 Parameter for polynomial EOS T, 0
Crush pressure (MPa) 60 A,: Hugoniot polynomial coefficient (GPa) 13.27
A,: Hugoniot polynomial coefficient (GPa) 19.50 As: Hugoniot polynomial coefficient (GPa) 8.50

Tensile and compressive strain rate dependence exponents, A, N, A,, A,, A3, and crush pressure are determined based on empirical equations

given in Liu et al. (2018)
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Table 2 Material models and EOS of emulsion explosive and air and corresponding parameters

Component Material model and EOS Parameter Value
Emulsion explosive (Sanchi- *MAT_HIGH_EXPLOSIVE_BURN Density (kg/m?) 1260
drian et al. 2015) Detonation velocity (m/s) 5270
Chapman-Jouget pressure (GPa) 8.127
*EOS_JWL Constant A (GPa) 557.6
P:A<1 - R,Lv)eR'VJfB(] - %)e&v* = Constant B (GPa) 5.349
Constant R, 6.1
Constant R, 1.072
Constant @ 0.24
Initial internal energy E, (J/m%) 4%10°
Air *MAT_NULL Density (kg/m®) 1.255
*EOS_LINEAR_POLYNOMIAL Constants C, C;, C,, C3, C¢ 0
P=Cy+ Ciu+ Cop* + Cyp® + (Cy + Csp + Cou?)E, Constants C,, Cs 0.4
Initial internal energy E,, (J/m>) 2.5%x10°

P, V, E and p are hydrostatic pressure, relative volume, internal energy of explosive per unit volume, and compression parameter, respectively.
The height of test site is not greater than 50 m above sea level and thus the density of air at sea level (i.e., 1.255 kg/m?) is used in this study

broken in the test due to the intensive rock constraints
around the shaft bottom. Similarly, in this simulation, the
rock mass in the main blasting area with the same depth
ranges as the test is sufficiently damaged (see C—C sec-
tion), while no effective damage (i.e., the damage levels
over 0.8) is formed between the main blasting area and
peripheral holes in the same depth ranges. In addition, the
main blasting area with the rock depths over 6.2 m is not
effectively damaged in the simulation (see D-D section

Fig. 3 Blast-generate profile of
rock shaft in the test and simu-
lated damage profile

Shaft
profile in
test

Simulated
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of Fig. 3), despite the damage over 0.8 along the con-
nection of the centric borehole and four side boreholes is
observed. In the test, the rock mass over the depth of 6.2 m
is not well-fractured and cannot be removed, thus form-
ing the rock shaft with the depth around 6.2 m. That is to
say, the damage in the rock mass with the depths of more
than 6.2 m is visually visible in the simulation, while no
effective failure in the same depths of rock mass is formed
in the test. This is because the rock constraints caused by

B-B Section (2 m depth)
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the volume expansion with the rock fragmentation are not
able to be incorporated in the simulation. Based on the
above results, it can be concluded that the simulated dam-
age with the damage level over 0.8 has good agreements
with the measured blast-generated rock shaft profile. The
intensive rock constraints around the bottom of rock shaft
are prone to prohibit the damage and fragmentation of
rock mass under blast loads. It should be pointed out that
to better conform with the test results, the simulated dam-
age in the main blasting area should be considered invalid
once the damage does not cover the entire main blasting
area. In addition, difference in blast-induced rock damage
along the horizontal and vertical directions observed from
the top view may be attributed to non-perfectly symmetri-
cal mesh configurations in the quarter model. That is, the
elements divided in the quarter model are not symmetri-
cally distributed exactly along the angular bisector of the
quarter model from the top view. However, the simulated
damage of rock mass is overall acceptable by comparing
it with the test results, which indicates the accuracy of the
established model in analyzing the performance of multi-
long-hole blasting with large empty holes.

2.3.2 Comparison of Rock Fragmentation

In addition to the shaft-forming results, the fragmenta-
tion level of rock mass is greatly concerned by designers
and engineers, since the fragment sizes significantly affect
the efficiency of fragment removal from the shaft. Many
indicators, such as maximum and mean lengths (Hudav-
erdi et al. 2012) of fragments and equivalent spherical
diameter (Roy et al. 2016; Sanchidrian et al. 2007) can
be employed to represent fragment sizes. The equiva-
lent spherical diameter characterized by Feret diameter
(defined as the fragment perimeter divided by x) is used
in this study, since the indicator considers the irregular-
ity of morphology of broken fragments. In addition, two
indicators, i.e., the weight (Thurley 2011) and the number
(Li et al. 2022) of different sizes of fragments are often
employed to reveal the size distribution characteristics of
fragments. In this section, the number of fragments with
various sizes is employed to evaluate the size distribution
of fragments, since the indicator is easy to obtain using the
Imagel code. Moreover, many empirical equations to pre-
dict the size distribution of blast-induced rock fragments
have been proposed by assuming distribution functions,
as reviewed by Ouchterlony and Sanchidrian (2019). The
Weibull distribution function is the popular one of them
and is employed in this study. Its probability density func-
tion fis defined as

m—1 m
f(x)=n<ﬁ> exp <—<i> > (1)
X, X,

where x is the fragment size, i.e., Feret diameter in this
study. x,. is the scale parameter and m is the shape parameter.
n is obtained based on x,. and m.

To investigate the characteristics of rock fragmentation
induced by multi-long-hole blasting with large-diameter
empty holes, the muckpile of broken rock mass around
the rock shaft in the test is processed by using the image
processing code ImageJ and the results are analyzed and
discussed in this section. In addition, the blast-induced
rock fragmentation in the numerical simulation is obtained
by masking the rock mass over a certain level of damage
(i.e., the excessive crushing rock). This approach has been
widely used and proved to be reliable in existing studies
(Li et al. 2022). The damage threshold in the simulation is
determined as 0.8 by multiple trials (i.e., by comparing the
test results with the simulated results obtained sequentially
by varying the thresholds from 0.5 to 0.9). To accurately
obtain the size distribution characteristics of blast-induced
rock fragments in the numerical simulation, multiple slices
(i.e., 6 slices with the same interval of 1 m) along the
depths of rock shaft are obtained and processed using the
Imagel code. The analysis results of rock fragmentation
in different slices are combined to represent the overall
fragmentation characteristics. It is noted that multiple
photos documenting blast-induced rock fragmentation
from different views are taken in the field test. The best
one effectively and maximumly capturing the fragment
muckpile is adopted and processed using the ImagelJ code.
To ensure the accuracy of rock fragmentation identified
by the Imagel, different methods in ImageJ are employed
to analyze the original photo for the generation of rock
fragmentation. A grey image visually showing the optimal
match of rock fragments with the real results in the origi-
nal photo is generated using the watershed method given
in ImageJ. In addition, the mismatched rock fragments
between the processed image and the original photo are
manually removed by carefully comparing the difference
between two pictures (see Fig. 4) before conducting frag-
mentation analysis, which thereby further ensures accurate
and comprehensive presentation of rock fragmentation.
Figure 4 shows the size distributions of blast-induced rock
fragments in the test and numerical simulation. It can be
found that both measured and simulated fragment sizes
mainly concentrate in the size range less than 0.4 m. More
specifically, the proportion of fragments with the sizes
between 0.06 m and 0.2 m is much high. In addition, the
fitted results based on Eq. (1) agree with the fragmenta-
tion obtained from the test and simulation. The results
show the blast-induced rock fragment distribution can be
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Fig.4 Size distributions of
blast-induced rock fragments in

- . Muckpile after
the test and simulation ion in test

Probability

well-characterized by the Weibull distribution function.
Moreover, good matches of fitted results between the test
and simulation are achieved. For instance, the scale param-
eter and shape parameter of the Weibull distribution func-
tion in the test are, respectively, 0.138 and 1.52, which are
very close to those (i.e., 0.137 and 1.48) in the simulation.
The above results show the rock fragmentation induced
by the multi-hole-blasting can be well-predicted using the
Weibull distribution function. It is also reliable to charac-
terize the size distribution of fragments in the simulation
by masking the rock mass with the damage over 0.8.

3 Damage and Fragmentation Analysis

The comparison given in Sect. 2.3 reveals the numerical
model established in this study is able to accurately predict
the response of rock mass subjected to multi-long-hole blast-
ing. Therefore, the numerical simulation is further used to
analyze the damage process and mechanism of rock mass
under multi-long-hole blasting with large-diameter empty
holes. The details are given below.

3.1 Damage Mode and Mechanism

Figure 5 shows the damage process of rock mass under
multi-long-hole blasting with large-diameter empty holes.
The charge at the top of peripheral holes is first ignited. At
the time instant of 0.4 ms, the explosive in the peripheral
holes has been fully detonated and the rock damage along
the cross-sectional profile of rock shaft is generated from the
top to the bottom of peripheral holes. The main boreholes
start ignition at 2 ms, immediately followed by the severe
damage (i.e., red area) of rock mass around the detonated
charge in the main boreholes. In addition, the rock dam-
age around empty holes occurs at 2.2 ms. With the continu-
ous detonation of charge in the main boreholes, the dam-
age around the main boreholes and empty holes are further
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intensified. The rock damage near the ground surface of rock
mass is also generated at 3 ms with stress waves arriving at
the ground surface. The final rock damage is presented at
6 ms with the aggregation and connection of different types
of damage.

To clearly reveal the damage mechanism of rock mass
under multi-long-hole blasting with large-diameter empty
holes, the damage states of rock mass subjected to blast
loads at different time instants are further analyzed, as
shown in Fig. 6. The main borehole blasting begins at
2 ms and the compressive damage of rock mass around
the detonated charge in main boreholes is immediately
presented under intensive blast pressure. As the time
increases to 2.2 ms, severe damage around empty holes
is formed although the slight deformation around empty
holes is observed (see the enlarged view at 2.2 ms). It
is because the surface of empty holes induces signifi-
cant reflections of blast-induced stress waves arriving at
empty holes, which thus leads to intensive tensile failure
of rock mass around empty holes. The slight deformation
near empty holes causes slight shear damage of rock mass
between empty holes and main boreholes due to the unco-
ordinated deformation of rock mass around the shear dam-
age. In addition, the shear damage of rock mass between
main boreholes and peripheral holes is generated at 2.2 ms
(see O-0 section and P-P section), which is because the
expanded peripheral holes induced by peripheral hole
blasting is easy to cause the stress concentration of rock
mass between main boreholes and peripheral holes under
the main borehole blasting. Meanwhile, the tensile damage
along the connections of different main boreholes is gener-
ated due to the superposition of stress waves from differ-
ent main borehole blasting (see O—O section at 2.2 ms).
With the time increased to 3 ms, the shear damage between
main boreholes and empty holes as well as main boreholes
and peripheral holes is further increased due to further
increased uncoordinated deformation of rock mass. The
tensile damage of rock mass along the connections of



Damage and Fragmentation of Rock Under Multi-Long-Hole Blasting with Large Empty Holes

Fig.5 Damage process of rock t=0.4 ms
mass under multi-long-hole
blasting with large empty holes
E E
3 ¥
E-E se;:tion

t=2.2 ms

E-E section

different main boreholes is also increased with the further
propagation and interaction of blast waves. In addition, the
bending deformation of rock mass between main boreholes
and empty holes is induced under the main borehole blast-
ing (see the enlarged view at 3 ms), which aggravates the
tensile damage of rock mass at corresponding locations.
As the time comes to 6 ms, different types of damage are
connected and clustered to form final rock damage. It is
noted that the damage between main boreholes and periph-
eral holes is further increased due to (1) the increase of
shear damage and (2) tensile damage induced by the rock
deformations towards the empty holes. It is also found

t=1.4 ms
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that the rock damage near the ground surface and the top
of empty holes is generated at 3 ms and is continuously
aggravated until 6 ms, which is caused by the combined
reflection of stress waves at the ground surface and empty
holes. Based on the above results, it can be concluded that
the rock mass under multi-long-hole blasting with large
empty holes experiences different types of damage involv-
ing compressive damage around boreholes, tensile damage
near empty holes and ground surface, bending-induced
tensile damage between empty holes and boreholes, shear
damage along the side tangents and bottom of empty holes
and boreholes, and tensile damage along the connection of
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(a) t=2.0 ms

(b)t=2.2 ms
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Fig.6 Damage modes of rock mass at different time instants under multi-long-hole blasting with large empty holes. Deformations in partial fig-

ures is enlarged to five times for illustration

boreholes caused by the superposition of stress waves. The
empty holes significantly affect the generation, connection,
and aggregation of rock damage under blast loads.

To reveal the effects of empty holes on the performance
of multi-long-hole blasting, the damage difference of rock
mass under multi-long-hole blasting with and without large-
diameter empty holes is discussed and compared. Figure 7
shows the damage of rock mass under the two types of multi-
long-hole blasting. It can be seen that the damage of rock
mass in the case with empty holes is significantly higher
than that without empty hole. The rock damage in the main
blasting area as well as the area between the main boreholes
and peripheral holes is effectively connected and aggre-
gated in the case with empty holes (see the vertical view

@ Springer

in Fig. 7a). However, the damage of rock mass in the case
without empty hole mainly concentrates on the area around
the main boreholes and peripheral holes (see the vertical
view in Fig. 7b). In addition, according to different cross-
sectional views, it can be found that at relatively shallow
depths (e.g., B-B section), effective rock damage can cover
the entire cross-sectional area in the profile of the rock shaft
in the case with empty holes, while rock damage in the case
without empty hole is mainly presented at the connection
area of different main boreholes as well as the area between
four side main boreholes and adjacent peripheral holes. The
damage of rock mass in the area between adjacent side main
boreholes is not observed in the case without empty hole. As
the depth of rock mass increases, the damage ranges in the
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Fig.7 Final damage of rock
mass under multi-long-hole
blasting with and without empty
holes

111

AFRILY

p LAV Ty |

0 0.2 04 06 08 10

Damage level

cases with and without empty holes both gradually reduce.
However, the rock damage can still cover the entire main
blasting area in the case with empty holes with the depth
increasing to the bottom of empty holes (see C—C section
in Fig. 7). As the depth of rock mass exceeds the bottom of
empty holes, the rock damage cannot completely encom-
pass the main blasting area in the case with empty holes and
has similar distributions with that in the case without empty
holes (see D-D section in Fig. 7). Moreover, it can be seen
that the rock damage near the ground surface in the case
with empty holes is obviously more severe than that without

(a) (b)

(b) without empty hole
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empty holes due to the combined reflection actions of empty
holes and ground surface on blast-induced stress waves.
The presence of empty holes can contribute to the tensile
damage of rock mass near the empty holes (see Fig. 6b) due
to the reflection of surface of empty holes on blast-induced
stress waves. In addition, the empty holes reduce the flex-
ural stiffness of rock mass in main blasting areas due to the
reduced rock thickness between main boreholes and empty
holes, which is beneficial to deform the rock mass under
bending moments induced by blast loads. The empty holes
also provide more space to accommodate the deformed
rock mass, which enables more blast-induced deformation
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Fig. 8 Blast-induced peak resultant displacements along the connections of a the centric main borehole and empty holes, b the side main bore-
hole and empty holes, and ¢ the centric and side main boreholes in the cases with and without empty holes
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of rock mass in the case with empty holes and thus causes
more severe damage of rock mass than that without empty
hole. As shown in Fig. 8a, b, the peak resultant displace-
ments between main boreholes and empty holes in the case
with empty holes are significantly higher than those without
empty holes. For instance, at the connection of the central
main borehole and empty hole (see Fig. 8a), the peak result-
ant displacements at all monitoring points in the case with
empty holes are at least 0.04 m greater than those at the
same monitoring points in the case without empty holes.
Moreover, compared to the relatively far area from the empty
hole along these connections, the deformation of rock mass
around the empty holes can be more obviously increased,
since the rock mass around empty holes experiences less
constraints from surrounding rock mass. It is worth mention-
ing that the deformation of rock mass along the connection
of the central main borehole and side main boreholes is also
increased as compared to those without empty holes. The
increased deformation of rock mass is more obvious near
the main boreholes while gradually becoming less signifi-
cant from the main boreholes to the centre of their connec-
tion, which indicates the rock mass around the main bore-
holes along the connection is easier to deform towards the
empty holes. In summary, the empty holes can significantly
increase the blast-induced deformation of rock mass in main
blasting areas, which thus favors the damage of rock mass
under blast loads.

3.2 Rock Fragmentation Evaluation

In addition to the blast-induced damage range of rock mass,
rock fragmentation is an important indicator to evaluate the
blasting performance. The overall size distribution charac-
teristics of rock fragments induced by the multi-long-hole
blasting with empty holes are discussed in Sect. 2.3.2. To
reveal the contribution of rock fragments at different rock
depths to the overall distribution of fragmentation, Fig. 9a
shows the ratios of different sizes of rock fragments in mul-
tiple cross sections with different rock depths. It can be

Fig.9 Characteristics of (a)

found that at relatively shallow rock depths (e.g., 0.5 m),
rock fragments with large sizes (e.g., greater than 0.6 m)
take up much higher ratios, which implies that the top of
the blasting area is prone to form rock boulder. It is because
no explosive is filled at the relatively shallow depths and
thus less intensive blast waves act on the rock mass at cor-
responding depths. As the rock depth increases to 1.5 m,
the ratios of rock fragments with sizes greater than 0.6 m
drastically decrease and keep basically stable with the rock
depths increasing from 3.5 to 5.5 m. In addition, Fig. 9b
shows the median sizes of blast-induced rock fragments at
different rock depths. It can be seen that the median sizes
of rock fragments first significantly reduce and then keep
basically stable with the rock depths increasing from 0.5
to 5.5 m, which reveals that the constraints of rock mass at
the relatively large depths to the rock mass in blasting areas
are effectively reduced. In summary, the presence of empty
holes enables the effective release of constraints to rock mass
in main blasting areas and facilitates the breakage levels of
rock mass.

4 Parametric Study

As discussed above, the empty holes can significantly affect
the levels of damage and fragmentation of rock mass under
multi-long-hole blasting. To investigate the effects of the
configurations of empty holes on the damage and fragmenta-
tion of rock mass under multi-long-hole blasting, the numer-
ical models of rock mass subjected to the multi-long-hole
blasting with different characteristics of empty holes (i.e.,
different depths and diameters of empty holes, and different
spacings of centric main boreholes and empty holes) are
established. The details are given below.

4.1 Effects of Depth of Empty Hole

To investigate the effect of depths of empty holes on
the damage and fragmentation of rock mass under the

(b)

blast-induced rock fragments.
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Fig. 10 Final damage of rock mass under multi-long-hole blasting with different depths of large empty holes

multi-long-hole blasting, the numerical models of rock mass
under the multi-long-hole blasting with 5 m, 6 m, and 7 m
depths of empty holes are, respectively, built in this section.
Besides the depths of empty holes, other configurations of
these three numerical models keep the same as those given
in Sect. 2.2.

Figure 10 shows the final damage of rock mass sub-
jected to multi-long-hole blasting loads in the cases with
different depths of empty holes. It can be found that the
effective damage depths of rock mass are greatly depend-
ent on the depths of empty holes. For instance, the effec-
tive damage depth of rock mass in the case with 5 m deep
empty holes is approximately 5 m (see vertical view of

Fig. 10a). The effective rock damage cannot cover the
entire main blasting area with the depth of rock mass over
5 m, as shown in cross-sectional views (i.e., C-C sec-
tion and D-D section) of Fig. 10a. However, the effective
damage depths of rock mass in the cases with 6 m and
7 m empty holes can approximately reach 6 m and 7 m,
respectively. As shown in Fig. 10b, effective damage (i.e.,
red area) of rock mass can encompass the main blasting
area in the C—C section but cannot cover the main blasting
area in the D-D section in the case with 6 m deep empty
holes. In addition, the effective damage of rock mass in
the case with 7 m deep empty holes can cover the main
blasting areas in both the C—C section and D-D section.
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Fig. 11 Blast-induced peak resultant displacements along the connections of a the centric main borehole and empty holes, b the side main bore-
hole and empty holes, and ¢ the centric and side main boreholes in the cases with different depths of empty holes
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Therefore, it can be concluded that the depths of empty
holes significantly influence the depth of effective damage
of rock mass (i.e., the effective shaft-forming depth) under
the multi-long-hole blasting.

The significant actions of depths of empty holes on the
damage depths of rock mass under the multi-long-hole blast-
ing is due to the fact that the blast-induced rock deformation
in main blasting areas is greatly affected by the presence of
empty holes. Figure 11 shows the peak resultant displace-
ments along the connections between main boreholes and
empty holes as well as the connection between the centric
main borehole and side main boreholes in three cross sec-
tions with different rock depths (i.e., B-B section, C-C
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Fig. 12 Size distributions of blast-induced rock fragments in the
cases with different depths of empty holes. Brown bars are the over-
lapping results of yellow and blue bars (Color figure online)
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section, and D-D section). It can be seen from Fig. 11a, b
that the displacements along the connections of main bore-
holes and empty holes in the cross sections containing empty
holes are obviously higher than those in the cross sections
without empty holes. For instance, the displacements along
the connection of the centric main borehole and empty hole
in the C—C section (see Fig. 11a) in the case with 5 m deep
empty holes is significantly lower than those in the C—C sec-
tion in the cases with 6 m and 7 m deep empty holes. It is
because the empty holes are not included in the C—C section
in the case with 5 m deep empty holes, but are still included
in the section in the cases with 6 m and 7 m deep empty
holes. In addition, it is found from Fig. 11c that the deforma-
tion along the connection of the centric main borehole and
side main boreholes, especially near the main boreholes, is
also significantly increased by the empty holes. For instance,
the displacements around the main boreholes along the con-
nection of the centric main borehole and side main boreholes
in the D-D section in the cases with 5 m and 6 m deep empty
holes are significantly lower than those in the D-D section
in the case with 7 m deep empty holes.

To investigate the effect of depths of empty holes on the
fragmentation of rock mass under the multi-long-hole blast-
ing, the overall size distributions of blast-induced rock frag-
ments in the above three cases are obtained (see Fig. 12)
by combining the analysis results of rock fragment sizes in
multiple cross-sectional slices with different rock depths. It
is noted that the deepest cross-sectional slice in each case
is above the bottom of the effective formed shaft (i.e., the
lowermost depth with the rock damage effectively covering
entire cross-sectional main blasting areas). The fitted results
of size distributions of rock fragments based on Eq. (1) for
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Fig. 13 Final damage of rock mass under multi-long-hole blasting with different diameters of large empty holes with a same depth of 7 m
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these three cases are also given in Fig. 12. It can be seen that
the blast-induced rock fragments in the cases with 5 m and
6 m deep empty holes have very similar distribution char-
acteristics. With the depth of empty holes increased to 7 m,
the probability of small sizes of rock fragments is increased.
The results indicate that increasing the depth of empty holes
beyond a certain level (e.g., 7 m in this study) can generate
more small sizes of rock fragments under the multi-long-
hole blasting with empty holes.

4.2 Effects of Diameter of Empty Hole

To investigate the effect of diameters of empty holes on
the performance of multi-long-hole blasting, the numeri-
cal models of rock mass under the multi-long-hole blast-
ing with three different diameters (i.e., 250 mm, 200 mm,
and 150 mm) of empty holes are, respectively, built in this
section. Besides, other configurations of numerical models
remain the same as those in Sect. 2.2.

Figure 13 shows the final damage of rock mass subjected
to these three forms of multi-long-hole blasting loads.
The vertical view of Fig. 13 shows that the damage is sig-
nificantly reduced with the decreased diameters of empty
holes. Specifically, the damage between main boreholes
and empty holes is decreased with the diameter of empty
holes decreased from 250 to 150 mm. It is because the bend-
ing deformation of rock mass between main boreholes and
empty holes can be obviously reduced due to the increased
thickness of corresponding rock mass with the decreased
diameters of empty holes. As shown in the D-D sections of
Fig. 13, the rock mass between the centric main borehole and
empty holes is almost completely damaged (i.e., red area)
in the case with 250 mm diameter of empty holes, while the
partial rock mass between the centric main borehole and

(a) | (b)

Monitoring points
el

empty holes is not damaged (i.e., blue area) in the case with
200 mm diameter of empty holes and the undamaged area is
further increased in the case with 150 mm diameter of empty
holes. The above results indicate that the diameter of empty
holes can significantly influence the effective damage of rock
mass under multi-long-hole blasting.

Figure 14 shows the deformation of rock mass in main
blasting areas in multiple cross sections (B—B section, C—C
section, and D-D section) with different rock depths. It can
be seen that the diameters of empty holes can obviously
affect the deformation of rock mass in the main blasting
areas. For instance, the peak resultant displacements of rock
mass along the connection of the centric main blasting bore-
hole and empty holes in the B—B section is higher in the
case with larger diameter of empty holes. In addition, it can
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Fig. 15 Size distributions of blast-induced rock fragments in the
cases with different diameters of empty holes. Brown bars are the
overlapping results of yellow and blue bars (Color figure online)
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be found that the rock deformation near the empty holes
along the connection of the centric main blasting borehole
and empty holes in the B-B section is obviously increased
in the case with 250 mm diameter of empty holes, while it
is not significantly increased in the cases with 200 mm and
150 mm diameters of empty holes. The results further dem-
onstrate that the bending-induced deformation of rock mass
between main boreholes and empty holes is decreased with
the decreased diameters of empty holes.

To investigate the effects of the diameters of empty holes
on the rock fragmentation induced by the multi-long-hole
blasting, the size distribution characteristics of rock frag-
ments induced by the multi-long-hole blasting with differ-
ent diameters of empty holes are obtained (see Fig. 15) by
combining the analysis results of rock fragment sizes in mul-
tiple cross-sectional slices with different rock depths. The
fitted results of size distributions of rock fragments based
on Eq. (1) for these three cases are also given in Fig. 15.
It can be seen that the ratios of small sizes of rock frag-
ments induced by the multi-long-hole blasting are gradu-
ally decreased with the reduced diameters of empty holes.
The reduction in the proportion of small sizes of rock frag-
ments is more pronounced with the diameters of empty holes
decreased from 250 to 200 mm than from 200 to 150 mm.
The results show that increasing the diameter of empty holes
to a certain level (e.g., 250 mm in this study) can improve
rock fragmentation distribution under multi-long-hole
blasting.
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4.3 Effects of Spacing of Empty Hole and Main
Borehole

To investigate the effect of spacings of the empty hole and
main borehole on the performance of multi-long-hole blast-
ing, the numerical models of rock mass subjected to multi-
long-hole blasting with three different spacings (i.e., 0.5 m,
0.625 m, and 0.75 m) of empty holes and main boreholes are
established in this section. Besides the spacings of the empty
holes and main boreholes, other configurations of numerical
models remain the same as those in Sect. 2.2.

Figure 16 shows the final blast-induced rock damage in
the cases with different spacings of the empty holes and
main boreholes. It can be found from the vertical view in
Fig. 16 that the damage of rock mass in the main blasting
area in the case with the spacing of 0.5 m is more severe than
those in the other two cases. It is because the thicknesses
of rock mass between the main borehole and empty holes
are reduced with the reduced spacings, which thus favors
the damage of rock mass in the main blasting area. How-
ever, the damage between the main boreholes and peripheral
boreholes is not connected and aggregated well in the first
case, while is effectively generated in the other two cases.
In addition, it can be found from the cross-sectional views
in Fig. 16 that with the increased spacings of the main bore-
holes and empty holes, although the damage range (e.g.,
the damage shown in the D-D section in Fig. 16) of rock
mass in the main blasting areas increases, the undamaged
rock mass in the main blasting is gradually increased. It is
because the increased thickness of rock mass between the
main boreholes and empty holes with the increased spac-
ings increases the bending stiffness of rock mass and thus
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Fig. 16 Final damage of rock mass under multi-long-hole blasting with different spacings of empty holes and boreholes
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Fig. 18 Size distributions of blast-induced rock fragments in the
cases with different spacings of empty holes and boreholes. Brown
bars are the overlapping results of yellow and blue bars (Color figure
online)

causes less bending-induced tensile damage of rock mass.
The resultant displacements of rock mass in the main blast-
ing areas shown in Fig. 17 further indicate that the bend-
ing-induced deformation of rock mass is reduced with the
increased spacings of the main boreholes and empty holes.
Based on the above results, it can be concluded that reduc-
ing the spacings of the main boreholes and empty holes can
increase the damage levels of the main blasting areas but
reduce the damage ranges of rock mass in the main blasting
areas.

Figure 18 shows the size distributions of rock fragments
induced by multi-long-hole blasting with different spacings
of the main boreholes and empty holes. The fitted results of
size distributions of blast-induced rock fragmentation based on

Eq. (1) are also given in Fig. 18. It can be seen that the ratios of
small sizes (e.g., less than 90 mm) of rock fragments induced
by multi-long-hole blasting increase with the increased spac-
ings. It is because increasing the spacings of the main bore-
holes and empty holes can reduce the ratios of large rock frag-
ments generated in the areas between the main blasting areas
and peripheral holes, while the rock mass in the main blasting
areas still can be well-broken with the spacings increased from
0.5 to 0.75 m. In addition, a significant increase in ratios of
small sizes of rock fragments is achieved when the spacing is
0.75 m. The results demonstrate that increasing the spacings
of the main boreholes and empty holes to a certain level can
significantly improve rock fragmentation (i.e., decrease the
ratios of large rock fragments).

5 Discussion

The results in Sect. 4 indicate that the configurations of
empty holes significantly affect the damage ranges (i.e.,
shaft-forming ranges) and fragmentation of rock mass under
multi-long hole blasting due to distinct ways of connections
and aggregations of blast-induced rock damage under dif-
ferent configurations of empty holes. Therefore, it is essen-
tial to ensure appropriate configurations of empty holes for
multi-long-hole blasting to achieve the expected damage and
breakage of rock mass.

Combined with the results in Sect. 3, the damage of
rock mass between the main boreholes and empty holes
under blast loads can be approximately divided into three
areas, i.e., the compressive damage around main boreholes,
reflected tensile damage around empty holes, and combined
shear and bending-induced tensile damage at the middle
area, as illustrated in Fig. 19a. The formulas to determine
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the ranges of blast-induced compressive damage around the
borehole and reflected tensile damage around the empty hole
have been developed and documented in existing studies
(Sun 2013; Zhang 2016). However, the formula for evaluat-
ing the combined shear and bending-induced tensile damage
at the middle area has not yet been proposed. The section
aims to develop the formulas to evaluate the combined shear
and bending-induced tensile damage based on the results
obtained in this study.

At the initial blasting stage, the upper rock mass in the
area with the combined shear and bending-induced tensile
damage experiences cantilever-beam-like bending-induced
tensile damage due to the blast-induced axial bending
deformation, fixed-beam-like bending-induced tensile dam-
age due to the blast-induced deformation along the cross
sections, and shear damage along the tangent of the bore-
hole and empty hole due to the uncoordinated deformation
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around the side tangents, as illustrated in Fig. 19b. With the
downward detonation of explosives along the axial direc-
tion, the lower rock mass in this area is mainly destroyed
under the fixed-beam-like bending-induced tensile damage,
and the shear damage along the side tangents and bottom
of the borehole and empty hole. The lower rock mass is
more difficult to break than the upper rock due to the lack
of cantilever-beam-like bending-induced tensile damage in
the lower rock mass. Therefore, ensuring the effective dam-
age of the lower rock mass in the middle area under blast
loads is critical to develop reliable formulas for evaluating
the combined shear and bending-induced tensile damage.

According to the damage modes and mechanism of the
lower rock mass in the middle area, the tensile damage
induced by the fixed-beam-like bending under blast loads is
governed by the following equation:

2L—h

—E. 22"

of(€)<E-¢g h

@)
where o, is the tensile strength of rock mass, f(¢,) is the
dynamic increasing factor of tensile strength at the strain
rate £, E is the elastic modulus of rock mass, €, is the tensile
strain of rock mass, / is the height of rectangular rock mass
equivalent to trapezoidal rock mass (see Fig. 20), L is the
half length of deformed rock mass. Based on the geometric
relation, /# and L can be obtained by Egs. (3) and (4):

(B+L,—L,)(¢p—d)
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where B is the burden, i.e., the centric distance between
the borehole and empty hole, ¢ and d are, respectively, the
diameters of the empty hole and borehole, L, and L, are,
respectively, the thicknesses of compressive damage around
the borehole and reflected tensile damage around the empty
hole, y is fixed-beam-like bending deflection and can be cal-
culated by

Pt
"~ 384EI’

y &)
where P is the pressure acting on the middle area, which
can be determined based on the blast pressure acting on the
borehole wall and the thickness of compressive damage. EI
is the bending stiffness of rock mass in the middle area.

In addition, the shear damage of the lower rock mass in
the middle area is governed by

)< G G AL

of(€)<G-e,=G- m, (6)
where o, is the shear strength of rock mass, f(€,) is the
dynamic increasing factor of shear strength at the strain rate
£, G is the shear modulus of rock mass, € is the shear strain
of rock mass, AL, is the shear deformation along the tangent
of the borehole and empty hole or along the hole bottom,
which can be determined based on shear force and shear
stiffness, as given in Eqs. (7) and (8):

P h
2G- (B-L, —L,) ™

Along the tangent : AL, =

P
Along the hole bottom : AL, = =
£ 2G-(B-L,-L,) ®)

According to Eqs. (2) and (6), the area with the combined
shear and bending-induced tensile damage can be evaluated,
which can be combined with existing formulas of compres-
sive damage and reflected tensile damage to analytically
derive the effective configurations of empty holes for multi-
long-hole blasting.

6 Conclusion

The present study experimentally and numerically inves-
tigates the damage and fragmentation of rock mass under
multi-long-hole blasting with large-diameter empty holes.
The damage modes and mechanism of rock mass under
this blasting are analysed and discussed. The effects of

configurations of empty holes on the performance of multi-
long-hole blasting are also examined. The main conclusions
are summarized as follows.

1. The rock mass under multi-long-hole blasting with large
empty holes is subjected to compressive damage around
boreholes, reflected tensile damage near empty holes,
bending-induced tensile damage between empty holes
and boreholes, and tensile damage between boreholes
due to the superposition of stress waves, and shear dam-
age along the tangent of empty holes and boreholes.

2. The empty holes can reduce the confined levels of
blasted rock mass and thus facilitate rock damage and
breakage levels under blast loads.

3. The depths of empty holes greatly influence the depth of
effective damage of rock mass induced by multi-long-
hole blasting (i.e., the shaft-forming depth in this study).
The diameter of empty holes and the spacing between
boreholes and empty holes can affect the blast-induced
deformation levels of rock mass surrounded by empty
holes due to different flexural rock stiffness with varied
hole diameters and spacings.

4. Analytical formulas are developed to evaluate the com-
bined shear and bending-induced tensile damage located
between boreholes and empty holes. They can be com-
bined with the existing calculation formulas of other
types of damage to quantify the configurations of empty
holes for multi-long-hole blasting.
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