Journal of Mining and Environment (JME), Vol. 14, No. 2, 2023, 545-563

Journal . Mining and Environment (JME)

Shahrood University of Journal homepage:

Technology

/)
/
‘a

Iranian Society of
Mining Engineering
(IRSME)

Evaluation of Effects of Parameters of Blast Damage Factor, Sub-drilling,
Decoupling, and Inter-hole Delay Time on Peak Particle Velocity using

Numerical Modeling

Bijan Afrasiabian?, Kaveh Ahangari'*, and Ali Noorzad?

1. Department of Mining Engineering, Science and Research Branch, Islamic Azad University, Tehran, Iran

2. Department of Civil, Water and Environmental Engineering, Shahid Beheshti University, Tehran, Iran

Article Info

Abstract

Received 10 September 2022

Received in Revised form 1 March
2023

Accepted 15 March 2023
Published online 15 March 2023

DOI:10.22044/jme.2023.12265.2225

Keywords

Peak Particle Velocity
Damage
Discontinuities
Borehole Pressure
Numerical Modeling

High-level vibrations caused by blasting operations in open-pit mining can exert
adverse effects such as destruction of surrounding surface structures. Therefore, it is
essential to identify the factors effective in mitigating the damaging effects of ground
vibration in open-pit mines, and monitor them. This study investigates the effects of
some of the most important blast design parameters in a row of blast holes. According
to the advantages of numerical methods, the 3D discrete element method is employed
for this purpose. The Peak Particle Velocity (PPV) values are measured along the
central hole at the distances of one meter. The results obtained demonstrate that an
increase in the blast damage factor and inter-hole delay time results in higher PPV
values. However, the increased delay time has no remarkable effect on reducing the
development of the blast damage zone. On the other hand, as the decoupling increases,
the PPV values diminish, leading to substantial reductions in the ground vibration and
rock mass damage. It is also observed that the elimination of sub-drilling does not
significantly reduce ground vibrations. The analysis of the results obtained from the
numerical modeling show that the discontinuities of the rock mass act as a filter, which
could decrease the wave energy by more than 90%. Moreover, it is found that the
direction of the discontinuities also affects the emission of waves caused by the blast.
The PPV values are reduced, and the damaged zone is less developed if the
discontinuities are opposite of the slope surface.

1. Introduction

Today, using explosives for rock fragmentation
and extraction is the most economical method,
which also has a great safety if proper controls are
implemented. In general, almost 20% to 30% of
the energy produced during the blasting process
(i.e. blast initiation, generation of a shock wave and
propagation of blast-induced stress waves in the
rock, and high-pressure gas penetration into the
rock fractures induced by shock waves) is
consumed for fragmentation, and the remaining
energy leads to adverse consequences such as
ground vibration, air vibration, back-break, and
fly-rock [1, 2]. Therefore, the interest in controlling
blast-induced vibrations, which are known as the
most undesirable effect of blasting operations in
open-pit mines and can damage the surrounding
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structures, has grown [3]. Several factors generally
affect blast-induced vibrations. These factors can
be classified as the controllable and uncontrollable
parameters [4]. In this regard, 25 parameters were
introduced as the effective factors in ground
vibration [5].

So far, several researchers have conducted
various studies to determine blast-induced
vibrations using analytical, empirical, and
experimental methods. However, due to the
complexity of the blasting procedure, its effects,
and the need for accurate prediction of blasting
consequences, the analytical and empirical
methods do not meet the requirements. These
methods have been presented based on the limited
datasets of specific case studies, and they cannot be
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generalized to different conditions. Also the
empirical equations are mostly presented for the
continuous and homogenous rock masses.
Therefore, these equations are not able to consider
the effects of discontinuity properties on the blast-
induced ground vibrations. In this regard, using the
numerical modeling tool was suggested to assess
the damages caused by blasting operations [6].
Nowadays, with the development of technology,
the advent of robust computers, and the prevalence
of numerical methods and related software
programs, it has become much easier to model the
blasting procedure and predict its effects.
Heretofore, numerous studies have been carried
out on the effective parameters in blast-induced
vibration. Nevertheless, most of these studies have
focused on the parameters of rock mass and
discontinuities [7, 8, 9, 10, 11, 12]. A few studies
have also been conducted on the effect of different
blast design parameters on ground motion caused
by the dynamic loading of the blast and damages to
the surrounding rock mass and structures. The
dynamic response of a jointed phosphorite rock
slope to the stress waves caused by blasting using
a numerical simulation method was studied [13].
Working on 86 blasting datasets of an open-pit coal
mine, the vibrations of blasting was investigated
and found that the vibration surfaces strongly
depended on the blasting method and type of the
used explosive [14]. Vibration records of several
blasting in a limestone mine were utilized to
present a model capable of estimating the complex
waves [15]. The blast-induced damage to a rock
mass around a nuclear plant in China using the LS-
DYNA and FLAC® software programs was
assessed. It was concluded that the size of the
damaged zone increased with an increase in the
weight of the explosive [16]. The effects of hole
distance from the free face of the bench (burden),
blasting initiation location, and placement depth of
charge on bench blasting was evaluated using the
AUTODYN software [17]. Some parametric
studies were conducted on the factors such as
loading density, rock mass index (RMR), and the
explosive weight to predict the damage caused by
blasting using the LS-DAYNA finite element
software [18]. The parameters spacing of blast
holes and blast loading in the pre-split method has
been studied using the 2D discrete element method
[19]. In the recent studies, detonation of a row of
blast holes using the 3D discrete element code
(3DEC) was modeled to evaluate the effects of
some rock mass and blast design parameters
including rock mass quality, burden and spacing,
blast hole diameter, stemming length, and air-
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decking on ground vibration [20, 21]. The bench
health under the explosive loading in the Hoek-
Brown failure criterion using the finite difference
method was evaluated. It was resulted that using
different parameters of the rock mass in the blast-
induced damage zone behind the hole resulted in
thoroughly different PPV values that were different
from the constant parameters [22].

This paper focuses on the ground vibration
induced by the explosion of a row of blast holes to
determine the blast-induced damage zone based on
the PPV values recorded in monitoring points. In
this regard, the response of a rock slope to the
ground vibration caused by variation of chosen
parameters of blast design has been investigated.
According to the advantages of numerical methods
over other ones, the 3D discrete element code of
3DEC (version 5.20), in which the rock blocks
could have a linear or elastoplastic behavior, was
employed to examine the effects of the chosen
parameters on the blast wave transmission.
Although many studies have been conducted to
control the damage zone caused by ground
vibrations and blast waves, none have been able to
provide an approach that could predict the damage
zone caused by ground vibrations.

The main aim of this paper is to provide a
practical guideline for mining engineers to predict
blast-induced ground vibrations. In addition, the
used approach can help the engineers to find
solutions to prevent adverse consequences of
blasting considering the blast design parameters,
and the geological discontinuities from the blast
source. In this regard, the ground vibrations and
rock mass damages could be controlled by
changing the blast design parameters according to
allowable ranges.

2. Materials and methods
2.1. Numerical model geometry

In this study, two typical well-accepted geometry
of the mining rock slope with 55° benches face
angle was considered. Therefore, the dimensions of
the numerical model were chosen in such a way
that the effects of the explosion up to full
attenuation (safe zone) could be perfectly
represented. In the initial model of this study, two
rock slopes were created with three benches with
the dimensions (150 m x 50 m x 80 m) in the X, Y,
and Z coordinates. The height of each one of the
benches was defined as 15 m. In the models, three
discontinuities were considered with two modes of
the direction of discontinuities and a spacing of 15
m. In the first mode, they were along the direction
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of the slope surface, while in the second one, they
were in the opposite direction of the slope surface.
The dip of the discontinuities was assumed to be
45’ relative to the horizon. The distance between
the first discontinuity and the position of the blast
holes was 10 m. The numerical model geometry is
shown in Figure 1. The blast holes were defined
with a diameter of 200 mm and a length of 15 m,

@
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equal to the bench height. Table 1 presents the blast
design parameters of the blast holes (in a row) of
the initial model. Each parameter in the numerical
model was increased within its allowable range to
conduct a parametric study on the blast vibrations.
A flowchart numerical steps modeling is presented
in Figure 2.

(b)

Figure 1. Geometry of rock slopes.
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Figure 2. Flowchart of numerical steps.
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Table 1. Blast design parameters of the numerical

model.

Parameter Value Unit
Charge weight 347.1 Kg
Blast hole diameter 200 mm
Burden 4 m
Blast holes spacing 5 m
Stemming length 2.3 m
Sub-drilling length 1.2-2 m

2.2. Determination of mesh dimensions

The meshes in the form of pyramidal
tetrahedrons were applied in the present numerical
model. The dimensions of meshes should be
chosen within (0.1-0.125) of the smallest
wavelength of the largest frequency [23, 24].
Therefore, dimensions of the mesh elements were
considered 4 m. Given the importance of the areas
around the blast holes, the dimensions of the mesh
elements were defined much smaller (10 cm),
increasing with the distance from the blast holes
edges to a radius of 2.5 m with a coefficient of 1/2.

2.3. Determination of constitutive model and
material properties of blocks and jointsThe
suggested values for the intact rocks of granite and
diorite were used as the strength properties of the
model blocks in the study [25]. The Rocklab
software (version 1.010) was used to determine the
parameters of the rock mass. According to the rock
mass conditions, the Hoek—Brown failure criterion
was considered for the studied area (Equations 1-
4) [26]. This failure criterion is the most suitable
one for rock masses with a ductile (elastic-perfectly
plastic) behavior or those showing a strain
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weakening behavior (post-yield strength reduction)
[27]. On the other hand, the Coulomb-Slip
constitutive model was considered for the
discontinuities of the numerical models. This
constitutive model is an area contact model, in
which the deformations and displacements of
discontinuities in the normal and shear directions
are affected by its normal and shear stiffnesses. The
properties of the block materials and the
discontinuities for the high-strength (granite) and
medium-strength (diorite) rocks are presented in
Table 2.

@)

where o1 and o3 are the major and minor principal
stresses (MPa), respectively, aci is the unconfined
compressive strength of the intact rock (MPa), and
my is the reduced value of the materials constant for
the intact rock, m;, obtained from Equation (2).

o, =03 + o, (my 03/ 0¢; +5)*

o 0
= m; exp(GSI — 100/28 — 14D)

where m; is the curve fitting parameter obtained
from triaxial tests on the intact rock, GSI is the
Geological Strength Index, and D is the
dimensionless blast damage factor, which depends
on the degree of disturbance created in the rock
mass by the blast load.

s and a are also dimensionless empirical
constants, which can be calculated by Equations (3
and 4), respectively.

s = exp(GSI —100/9 — 3D) (3)

a=1/2 +1/6(e~C5/15 — ¢=20/3) @)

Table 2. Properties of block materials and discontinuities [21].

Mechanical properties Diorite Granite Unit
value value

Density (p) 25 2.7 (g/cm?3)
Uniaxial compressive strength (UCS) 80 150 (MPa)
Bulk modulus (K) 45 28.9 (GPa)
Shear modulus (G) 2.7 21.7 (GPa)
Block cohesion strength (C) 1.1 4.1 (MPa)
Joint normal stiffness (JK},) 0.5 0.5 (GPa/m)
Joint shear stiffness (JK) 0.25 0.25 (GPa/m)
Joint friction angle ((pj) 30 30 ®)
Joint cohesion (C;) 15 15 (MPa)

2.4. Static solution

The boundary conditions should be defined prior
to the development of the static solution [28]. In
this regard, the boundaries of the two sides (left and
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right) and the bottom of the model were assumed
to be fixed to present the real-space effects.
However, the front and top sides of the model were
considered free faces. In Figure 3a, the static
boundary condition is shown. Afterward, the initial
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equilibrium of the rock slope was assessed to
properly distribute the stress in the model and
create real conditions. Therefore, the model
equilibrium was ensured by evaluating the
unbalancing forces, as well as the history of

Upper Boundary
(Free Face)

Front Boundary
(Free Face)

.\\"V

@

2.5. Dynamic borehole pressure

The pressure produced by the explosives in the
blast hole can be considered as the main parameter
of blasting. Concerning the blast-induced pressure,
blast damage zone is determined by comparing the
rock mass strength against compressive or
tangential stresses produced by an explosive
charge. Various empirical relationships have been
proposed by the researchers for dynamic loading
caused by blasting so far [29, 30, 31, 32]. The
pressure-decay function, which was presented
based on the Starfield and Duvall’s relationship,
was used in this research work to apply the pressure
produced by the dynamic impact process caused by
the blasting of ANFO (ammonium nitrate and fuel
oil) explosive to the hole wall (Equations 5-8) [19].
This function has two advantages over the other
ones. First, it simulates borehole pressure caused
by the blasting of ANFO, which is a non-ideal
explosive, more accurately [33]. Secondly, unlike
other functions, it takes the properties of rock mass
and explosive into account. In this regard, the
function of pressure-decay resulting from the
blasting of ANFO was coded using the FISH
programming language in the 3DEC software and
applied to the walls and bottom of the blast holes
in the form of compressive stress. This dynamic
loading function was in the form of a pressure-time
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displacements in different points on the model
surface. After drilling of the blast holes, the model
reach

was statically solved again to the

equilibrium.

Boundary

Viscous
Boundaries

(b)
Figure 3. Boundary conditions (a) Static state boundary (b) Dynamic state boundary.

pulse applied as stress history to the walls of the
blast holes (Figure 4).

PD =432 x 10~%(p,VD?/1

+08p) ©)
PE = PD/2 (7
PW = PE(r,/b)~9* (8)

where PD, VD, PE, and PW denote the
detonation pressure (MPa), detonation velocity
(m/s), the pressure of gases produced by blasting
(MPa), and borehole pressure in the complete
coupling of explosive and blast hole wall (when
there is no gap between the blast hole wall and the
explosive), respectively. Moreover, ry, b, k, and g
are the blast hole radius (mm), explosive radius
(mm), specific heat capacity, and explosive shape
factor (2 for cylindrical charges and 3 for spherical
charges), respectively [34, 35].

It is worth noting that according to the Starfield’s
relationships, the dynamic borehole pressure
produced by blasting is a function of time and
depends on factors such as rock density (pr),
explosive density (pe), longitudinal wave velocity
(Cp), and velocity of detonation (VD). Accordingly,
the dynamic borehole pressure caused by blasting
can be calculated using Equation (8).
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P(t) = PW.(8p;. Co/ prCy + VD. p,) [ePND — ¢=V25T |

B =16338

(8)

where P(t) is the borehole pressure history
(MPa), C, is the longitudinal wave velocity (m/s),
and t is the time (s).

Since the relationship depends on the rock
density, explosive density, and longitudinal wave
velocity, different borehole pressures of the chosen
rocks were considered based on the properties of
the rock mass and the explosive (Figure 4). Due to
the limitations of the 3DEC software in the direct
application of normal force to a plane, the dynamic

loading caused by the blasting was considered as a
compressive  stress  history and  applied
hydrostatically to the blast holes walls and bottom.
The compressive blasting stress was selected based
on the lengths of the explosive charge to satisfy the
charge length of each hole, as well as the level of
load applied to it. The parameters used for the
ANFO explosive in Starfield and Duvall’s
relationship are presented in Table 3.

5.00E+09 -
GSI75-D0O
4.50E+09 -
GSI75-D0.7
4.00E+09 A
GSI75-DO
3.50E+09 A
- | GSI50-DO
& 3.00E+09 A
P | —— GSI50-D0.7
= 2.50E+09 A
@« / GSI50-D1
2 2.00E+09
. 1.50E+09 -'\
1.00E+09 -
5.00E+08 -
0.00E+00 - T —— 1
0.00E+00 1.00E-04 2.00E-04 3.00E-04
Time (s)

Figure 4. History of borehole pressure caused by blasting of ANFO.

Table 3. Used parameters for the ANFO explosive in Starfield and Duvall equation [32].

Parameter

Velocity of detonation (VOD)

Explosive density (p,)
P-wave velocity (C,)
Specific heat coefficient (k)
Explosive shape factor (q)

Value Unit
4500 (m/s)
0.850 (g/cm?3)
4625 (m/s)
1.2
2

2.6. Determination of dynamic boundary
conditions and damping

Generally, in dynamic analyses, the waves
produced by dynamic energy can be reflected in the
model. Therefore, the dynamic waves should
become damped to avoid the effects exerted by
their reflection [23]. Consequently, viscous (non-
reflecting) boundaries were used for the lateral and
bottom sides of the model (Figure 3b). The local
damping of 5% was used in the modeling, as
suggested by the previous studies
[36]. Afterward, the models were solved
dynamically, and the PPV values were recorded
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and updated continuously. This process continued
until the PPV values got included within the
allowable range or approached to zero.

2.7. PPV measurement

Ground vibration can be measured based on
velocity, displacement,  acceleration, and
frequency. Among the mentioned parameters, PPV
has been well accepted as the most proper one to
determine the direction of blast-induced ground
vibration [37]. Equation (9) illustrates the general
form of this parameter [38].
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PPV = KSD™? 9)

where PPV is the peak particle velocity (mm/s),
SD is the scaled distance (m/kg*?) calculated by
(R/QY?), and K and b are the constants associated
with the site.

To determine the PPV values, Equation (10) was
proposed [39]. According to Equation (10), the
PPV wvalues can be calculated using the
components of wave velocity in three
perpendicular directions (longitudinal, transverse,
and vertical) [39]. In fact, the level of created
vibrations is obtained from the maximum unit
value of velocity components or the sum of squares
of real vectors of the three components’ maximum
values. This relationship was coded using the FISH
programming language in the 3DEC software, and
its values were calculated in the monitoring points.

PPV
= J Urna)? + (na)2 + (V)2

(10)

where PPV is the peak particle velocity (mm/s),
and Vy, Vy, and V, are the velocity components in
longitudinal, transverse, and vertical directions
(m/s), respectively.

The peak particle velocities were recorded in
both near-field blasting region (i.e. immediate area
surrounding the blast hole) and far-field blasting
region (i.e. the area that intensity of the generated
blast-induced waves diminishes to a level where no
permanent deformation is caused) [33]. In this
regard, the PPVs were measured, along the X-axis
from the central hole collar to the end of the model.
It should be pointed out that the spacing of the
monitoring points was considered as a proportion
of the mesh dimensions.
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3. Results and discussion

The blasting process has a complex nature. This
means that the blasting performance depends on
various parameters. Blasting is considered as the
most effective factor of disturbance in rock slopes.
In order to determine the blast-induced damages,
using numerical methods were suggested [40]. The
most important effective parameters in ground
vibration were introduced in the previous studies
[41, 30]. These parameters generally include the
ones associated with the properties of rock mass
and the blast design parameters. Therefore, the
blast design parameters and blast damage factor (of
Hoek-Brown criterion) and their effects on ground
vibration were investigated in this section of the
study. It should be noted that all of the modelings
were conducted to evaluate the mentioned
parameters in a rock slope in the presence of
discontinuities, and the results were presented
accordingly.

3.1. Effect of blast damage factor on PPV
values

The parameter D as disturbance (blast damage)
factor was introduced to improve the prediction
accuracy of rock mass strength against the blasting
conditions [26]. Considering the damage caused by
mechanical excavation and production blasting, the
values of 0 for an undisturbed rock mass and 1 for
a severely disturbed was suggested [26]. In this
research work, three values of 0, 0.7, and 1 were
considered for the blast damage factor to assess its
effect on the PPV values and ground vibrations.
The values of PPV for the granite and diorite in two
directions of discontinuities are presented in
Figures 5 and 6.

0.6
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=}
in
1

BGSI=50D=0.7

o
=
|

o
(]

e
=

12 16 20 24 28 32 36 40 44
Monitoring Points (m)

(b)

G 4 8

Figure 5. PPVs with different damage factors and the first mode of discontinuities a) granite, b) diorite.
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Figure 6. PPVs with different damage factors and the second mode of discontinuities a) granite,
b) diorite.

As shown in Figures 5 and 6, the waves caused
by the blasting of the charge column had a
descending trend, and the PPV values decreased
with an increase in the distance from the blasting
location. Since geological discontinuities are
naturally the weakest part of a rock mass, the PPV
values in these points increased locally. With a
reduction in the rock mass strength caused by the
increase in the blast damage factor (D), the PPV
values in the monitoring points increased.
Furthermore, the results obtained from the
numerical modelings illustrated that the presence
of discontinuities could degrade a part of the
incident wave energy. Meanwhile, a part of the
wave energy passes through the discontinuity and
another part is reflected. As shown in Figures 5 and
6, the degradation of the blast wave energy in the
granite (UCS = 150 MPa) was more than that in the
diorite (UCS = 80 MPa). According to Figure (5a),
in the first mode of the direction of discontinuities
(along to the direction of the slope surface) for
(GSI = 75, D = 0), PPV after the collision of the
blast wave with the first discontinuity was 134
mm/s. However, by increasing the blast damage
factor to 0.7 and 1, the PPV values increased to
323.2 mm/s and 509.5 mm/s. The second mode of
the direction of discontinuities (opposite of the
slope surface) in Figure (6a) follows a similar
trend. In this mode, the PPV values recorded in the
monitoring points also increased with an increase
in the blast damage factor, with the values of
279.94 mm/s, 288.92 mm/s, and 368.74 mm/s
recorded for D = 0.7, D = 0, and D = 1,
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respectively. It is worth mentioning that although a
similar trend of reduction in the PPV values with
the increase in the blast damage factor was
observed in both modes of discontinuities, for the
discontinuities with a direction opposite of the
slope surface, the recorded PPV values were lower
than those in the first mode.

A similar trend is also observed for the diorite in
Figures (5b) and (6b). Accordingly, in the first
mode of discontinuities, the PPV values increased
from 353.31 mm/s to 473.12 mm/s by increasing
the blast damage factor from 0 to 0.7, while in the
second mode, the PPV values of 289.74 mm/s and
364.15 mm/s were recorded, respectively.

3.2. Effect of the sub-drilling length on PPV
values

In the open-pit mines blasting operations, blast
holes are often drilled from the top of the benches
to a little below the desired floor level. The reason
for drilling in such a way is to make the maximum
stress area closer to the bench floor and prevent the
formation of a toe at the bottom of the bench. Ash
suggested (0.2B-0.5B) for the sub-drilling length in
vertical holes depending on the rock mass strength
[42]. According to the allowable range for granite
and diorite, the sub-drilling length in the blast holes
was considered 1.2 m and 0.8 m, respectively, and
the obtained results were compared with those of
the case without sub-drilling. Figures 7 and 8
indicate the effect of this parameter on the PPV
values.
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Figure 7. PPV values with the elimination of sub-drilling and the first mode of discontinuities a) granite, b)
diorite.
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Figure 8. PPV values with the elimination of sub-drilling and the second mode of discontinuities
a) granite, b) diorite.

These figures also show the effect of sub-drilling
length in the two modes of the direction of
discontinuities for the granite and diorite with
different values of blast damage factor (0, 0.7, and
1). By comparing the results obtained from the
modelings with (Figures 5 and 6) and without sub-
drilling (Figures 7 and 8), it was found that the
elimination of sub-drilling led to lower PPV
values. The reduction in the PPV values was due to
the reduced length of loading caused by blasting,
as well as the lower consumed specific charge.

Excessive sub-drilling can increase vibration
because of the lack of a nearby free face to create
reflection waves [8]. Although the sub-drilling
increases explosive consumption, the standard
length of the sub-drilling did not a significant effect
on the ground vibrations. The obtained results of
the numerical models have shown that the sub-
drilling does not have a crucial effect on reducing
the ground vibration levels. This is due to the lack
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of stress wave energy to move to the ground
surface.

3.3. Effect of decoupling on PPV values

Generally, decoupling is referred to as conditions
in which the explosive does not completely fill the
blast hole diameter [33]. In the decoupled area,
which is located in the radial range of (r, <r <
1), the void space between the explosive charge
and the borehole wall is usually filled with water or
air [43]. The decoupling ratio increases with an
increase in the hole radius or a decrease in the
explosive radius. Various studies have investigated
the effect of decoupling so far. However, most of
them have focused on the fragmentation
performance of rock mass under dynamic loading
of blasting, and only a few researchers have
assessed the effect of this parameter on ground
vibration. Previous studies stated that complete
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coupling of a charge column creates more ground
vibrations [44]. The effect of decoupling on ground
vibration at three (re/rn) ratios of 0, 1/2, and 2/3 was
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studied in this research work. The PPV values
obtained for granite and diorite are shown in
Figures 9 and 10.
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Figure 9. PPV values for different values of decoupling and the first mode of discontinuities a) granite, b) diorite.
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Figure 10. PPV values for different values of decoupling and the second mode of discontinuities a) granite, b)
diorite.

As shown in the figures, the PPV values recorded
in the monitoring points were higher when the
diameters of the explosive and blast hole were
equal, and the explosive had complete contact with
the blast hole wall (complete coupling). This can
be attributed to the increases in the specific charge,
and consequently, the dynamic load caused by the
blasting of the explosive on the blast hole wall.
Meanwhile, in all models, the PPVs were
diminished by the rise of the decoupling.
According to the results shown in Figure (9a), as
the coupling was reduced by 50% and 66.6%, the
PPV values recorded in the first discontinuity (at a
distance of 10 m from the blast hole) decreased by
77.2% and 90.2%, respectively. The reduction of
PPV values for the diorite was also 85.7% and
94.2%, respectively.

On the other hand, in the second mode of the
discontinuities, the reduction of coupling by 50%
and 66.6% in the granite lowered the PPV values at
the first discontinuity by 86% and 94%,
respectively. The corresponding reductions of PPV
values for the diorite were 92.9% and 97.9%,
respectively. As mentioned, the results obtained
from the numerical modelings revealed that the use
of the decoupling technique could significantly
reduce the blast-induced ground vibrations.
Therefore, this technique can be proposed and used
as an efficient option along with other methods in
controlled blastings or those close to sensitive
centers or residential buildings.
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3.4. Effect of delay time of blast holes on PPV and geometry of blast holes can affect blast-
values induced ground vibrations [33]. In the present
study, two different patterns were investigated for
the blasting of the holes as follows (Figure 11): 1)
linear blasting pattern (sequential blasting of
holes), 2) non-linear blasting pattern (start of
blasting from the central hole).

Using delay time in blasting operations allows
for the blasting charges to blast at defined time
intervals between them. It is possible to control the
quality of rock mass fracture and the movement
direction of rocks in this method [33]. Delay time

W I()()ms° 100 ms° I()()n]s‘
(a)

° 100 ms 100 ms ° 100 ms 100 ms ‘
(b)

Figure 11. Blasting patterns: a) linear, b) non-linear.

In the linear blasting pattern, the detonations of three lengths of delay time (0, 50, and 100 ms) were
holes occurred (with a definite delay time) from the modeled to assess the effect of blast delay time on
first to the last one. On the other hand, in the non- PPV values. The obtained PPVs for these delay
linear blasting pattern, the central hole (blast hole time in both granite (GSI = 75, D = 0) and diorite
No. 3) detonated at first, followed by the delayed (GSI =50, D =0) are illustrated in Figures 12 and
blasting of the surrounding holes. Accordingly, 13.

0.35 M t=0ms 0.4 M t=0ms

0.3 t=50ms 0.35 W =5010s

025 0.3 mt=100ms
é 0.2 é 0.25
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(@ (b)
Figure 12. PPV values for different delay time with the linear blasting pattern and the first mode of
discontinuities a) granite, b) diorite.

As it can be seen in the figure, the increase in the surface. As shown in Figure (12a), by increasing
delay time resulted in reduced PPV values in the the delay time from 0 ms (simultaneous blasting)
monitoring points. In fact, the delay time between to 50 ms and 100 ms for the granite, the PPV values
detonations of the holes produced separate wave decreased from 314.25 mm/s to 221.84 mm/s
fronts associated with different charges. Therefore, (29.40% reduction) and 206.50 mm/s (34.28%
this process eliminated the superposition effects of reduction), respectively. Moreover, according to
the waves and reduced the PPV values recorded in Figure (12b), the similar changes in the blast delay
the monitoring points. It should be noted that in the time lowered the PPV values from 353.32 mm/s to
linear blasting pattern, the PPV values showed 350.14 mm/s (about 1% reduction) and 347.20
smaller changes with the increase in the blast delay mm/s (about 1.8% reduction), respectively. It is
time when the direction of the geological worth mentioning that the reported values solely
discontinuities was along to that of the rock slope belong to the monitoring point on the first
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discontinuity and the reduction in PPV values
could vary in different monitoring points due to the
complex nature of the geological conditions.

As shown in Figure 13, by changing the direction
of the discontinuities (to the opposite of the slope
surface), like the former mode, the obtained results
indicated a decreasing trend for both diorite and
granite. A comparison of Figures 12 and 13 reveals
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higher rate than that of the former mode. According
to Figure (13a), the PPV values reduced by 48.27%
and 66.42%, respectively, as the delay time
increased from 0 ms (simultaneous blasting) to 50
ms and 100 ms. This decreasing trend was also
observed for the diorite (Figure 13b). With the
similar rises in the blast delay time for this rock
with the second mode of discontinuities, the PPV

that when the discontinuities were opposite of the values decreased by 16.2% and 31.3%,
slope surface, the PPV values in the monitoring respectively.
point (on the first discontinuity) decreased with a
03 m=0ms nogi W =0
0.25 BSOS O_ B {=50ms
~ 02 ~ B t=100ms
2 £ 028
=015 = 02
= =S
& o1 f 015
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Figure 13. PPV values for different delay time with the linear blasting pattern and the second mode of
discontinuities a) granite, b) diorite.
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Figure 14. PPV values for different lengths of delay time with the nonlinear blasting pattern and the first mode
of discontinuities a) granite, b) diorite.

According to Figures 14 and 15, in the non-linear
blasting pattern, the decreasing trend of PPV
values was observed for both modes of
discontinuities in the granite and diorite rock
masses with the increase in the blast delay time in
two steps (50 ms and 100 ms). The results obtained
from the numerical modelings for the non-linear
blasting pattern showed some dispersions in the
PPV values recorded in the areas around the blast
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hole. Therefore, it seems that in these areas, the
PPV values did not follow a particular trend with
the rise in the delay time. However, after a collision
with the first discontinuity, the PPV values
reflected a decreasing trend similar to that of the
linear pattern. Although the overall trend of PPV
values in the monitoring points was decreasing in
the non-linear blast pattern, it did not follow a
specific trend in the areas around the blast hole.
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Figure 15. PPV values for different lengths of delay time with the nonlinear blasting pattern and the second
mode of discontinuities a) granite, b) diorite.

4. Blast-induced Damage Criterion

So far, many researchers have considered PPV as
the most appropriate parameter to determine the
ground vibration since it can be easily measured
[45, 46, 47]. In the case when PPV is considered as
a damage index, the damage zone is defined as the
distance between the blast hole and a point of the
rock mass, where the PPV values cannot break it
[48]. The researchers have suggested various
values for blast-induced damage threshold [49, 50,
51]. In this research work, the damage zone was
determined based on the standard of Bhandari et al.
after the measurement of the PPV values. The 50
mm/s as the rock mass damage threshold was
considered [20]. After the blasting, the PPV values
were monitored and recorded at the distances of 1
m from the central hole to the rock slope edge.

4.1. Determination of blast damage areas based
on threshold PPV values

To more precisely assess the effects of each
chosen parameter and determine the blast damage
zone, the maximum PPV values were recorded at
four monitoring points at the distances of 0, 10, 25,
and 40 m (including the blast hole collar and
discontinuity surfaces). Bhandari considered the
PPV of 50 mm/s as the damage threshold in rock
conditions. Accordingly, the values recorded in the
monitoring points were divided into two groups.
The first group, shown in blue color, indicated the
safe zone of the rock mass
(PPV < 50 mm/s). On the other hand, the second
group, shown in red color, indicated the blast
damage zone, where the rock mass was completely
damaged (PPV > 50 mm/s) (Tables 4-13).

Table 4. Maximum PPV values on the blast hole collar and the first mode of discontinuities.

. PPV(mml/s)
D'Stancf]glr;%he blast —&5r=75, GSI=75, GSl=75 GSI =50, GSI=50,
D=0 D=07 D=1 D=0 D=07
0 267.96 287.08 317.30 361,16 426.83
10 273.93 323.28 509.56 353.31 485.94
25 100.20 118.82 302.09 182.08 275.49
40 15.49 22,62 42.80 46.43 104.02

Table 5. Maximum PPV values on the blast hole collar and the second mode of discontinuities.

Distance from the PPV(mm/s)
blast hole (m) GSI =75, GSI =75, GSI =75, GSI =50, GSI =50,
D=0 D=0.7 D=1 D=0 D=07
0 264.29 311.67 401.29 365.78 487.40
10 279.74 288.92 368.74 289.74 372.08
25 17.93 43.48 77.19 117.88 235.08
40 4.71 12.56 26.05 35.82 87.84

As shown in Tables 4 and 5, the PPV values were
measured and recorded in both directions of
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discontinuities for both granite (GSI = 75) and
diorite (GSI = 50) rock masses with different blast
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damage factors. Comparison of the results obtained
from the numerical modelings demonstrated that in
both directions of the discontinuities, the increase
in the blast damage factor (D) resulted in higher
PPV wvalues in the monitoring points, and
consequently, a more damaged rock mass. It was
also found that the damages of the granite rock
mass were less in the second mode of
discontinuities. It was revealed that the damage to
the rock mass in the models (GSI = 75, D = 0.7)
and (GSI =75, D =0) extended 10 m from the blast
hole (the location of the first discontinuity).
Meanwhile, in the models (GSI = 75, D = 1) and
(GSI =50, D =0), the damaged area developed 25
m from the blast hole (the location of the second
discontinuity). On the other hand, a comparison of
Tables 4 and 5 showed that for the first mode of the
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direction of discontinuities, the blast-induced
damage to the rock mass developed more in the
models (GSI =75, D=0.7) and (GSI =75, D =0)
and extended to the location of the second
discontinuity. This can be attributed to the
reflection and superposition of the waves after
collision with the discontinuity surface and
transmission of a portion of it to the surface.
Furthermore, in the model (GSI =50, D = 0.7) for
both modes of the direction of discontinuities, the
diorite rock mass sustained the highest damage,
which extended to the location of the third
discontinuity. This is due to 1) its lower uniaxial
compressive strength compared to the granite rock
mass and 2) the increase in the blast damage factor
(D =0.7).

Table 6. Maximum PPV values on the blast hole collar and the first mode of discontinuities with the elimination

of sub-drilling.
. PPV(mm/s)
D'Stancf]glr;mhe blast —=51=75. GSI =175, GSl =75, GSI =50, GSI =50,

D=0 D=07 D=1 D=0 D=07
0 270.24 267.02 272.14 332.01 290.73
10 316.62 249.43 463.19 362.93 490.55
25 57.00 68.30 92.71 141.71 220.53
40 7.17 13.53 11.16 29.90 106.45

Table 7. Maximum PPV values on the blast hole collar and the second mode of discontinuities with the
elimination of sub-drilling.

. PPV(mm/s)
D'Stancf]glre‘)%he blast —&51=75 GSI=175, GSl =75, GSI =50, GSI =50,
D=0 D=07 D=1 D=0 D=07
0 240.00 263.60 301.33 29031 344.62
10 270.99 267.23 285.67 28531 287.68
25 15.92 34.13 43.80 102.81 167.80
40 0.63 8.96 14.49 28.90 71.15

As shown in Tables 6 and 7, the results illustrated
that the elimination of sub-drilling had no
considerable effect on reducing the development of
the damage zone, and only led to a slight reduction
of PPV values in some monitoring points. In the
second mode of discontinuities, it can be concluded
that by eliminating the sub-drilling the PPVs
reduced under the damage threshold only in the

model (GSI =75, D =1). It means that the safe zone
developed to 25 m from the blast hole collar.
Regardless of the marginal effect of this parameter
on reducing the damage zone, applying it to blast
designs allows for better distribution of energy at
the bottom of the blast hole, which can bring down
the costs caused by secondary blasting.

Table 8. Maximum PPV values on the blast hole collar and the first mode of discontinuities with different values
of decoupling.

. PPV(mml/s)
D';}thcf]glr:%he GSI=75D=0 GSI=50.D=0
DEC = 112 DEC = 2/3 DEC=1/2 DEC = 2/3
0 16585 114.92 76.80 48.80
10 39.05 16.66 4752 16.50
25 152 0.4 14.44 3.82
40 0.3 0.05 3.60 0.95
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Table 9. Maximum PPV values on the blast hole collar and the second mode of discontinuities with different
values of decoupling.

. PPV(mml/s)
D';}thcf]glr:%he GSI=75D=0 GSI=50.D=0
DEC = 12 DEC = 2/3 DEC = 1/2 DEC =23
0 128.86 10592 98.98 52.54
10 71.56 52.04 20.35
25 15.39 22.46 8.65
40 1.45 8.94 0.4

Tables 8 and 9 well-demonstrate the effect of
using the decoupling technique on reducing the
blast damage zone. Accordingly, in the first mode
of discontinuities, the development of blast damage
zone was lowered by a decrease in coupling (or an
increase in decoupling). The damage zone in both
models (GSI =50, D = 0) and (GSI = 75, D = 0),
when decoupling equaled 1/2, extended to the
location of the first discontinuity. After the
collision with the first discontinuity, the wave was
substantially weakened, and the passing wave was
included within the allowable range (PPV < 50
mm/s), which showed the safe zone of the rock
mass. By increasing the decoupling to DEC = 2/3,
the damage to the rock mass was diminished, only
occurring in the blast hole collar. According to
Table 9, the damages to the rock mass were
lowered by changing the direction of
discontinuities. Therefore, for the DEC = 1/2 in
both diorite (GSI = 50, D = 0) and granite (GSI =
75, D = 0), the damages occurred only in the blast
hole collar. Meanwhile, the PPV values obtained
from the modelings showed that for the DEC = 2/3,
it was only the model (GSI = 75, D = 0) in which
the damage occurred in the blast hole collar.

The PPV values with the increase in the blast
delay time of the holes for both linear and non-
linear blasting patterns in the monitoring points are
reported in Tables 10-13. For the linear blasting

pattern, by comparing Tables 10 and 12, it can be
found that by increasing the blast delay time to 100
ms, the damage zone was more in the first mode of
discontinuities direction. In this condition the
damage zone extended to the location of the second
discontinuity (25 m from the blast hole). However,
the damage to the rock mass in the model (GSI =
50, D = 0.7) had more development, extending to
the location of the third discontinuity (40 m from
the blast hole). According to Table 12, in the
second mode of discontinuities, the damage to the
rock mass was lower, extending to the location of
the first discontinuity location. It was only in the
model (GSI = 50, D = 0.7) that the development
was similar to that of the first mode of
discontinuities, extending to 40 m from the blast
hole.

Tables 11 and 13 demonstrated that in the non-
linear blasting pattern, the damage zone extended
more in the first mode of discontinuities compared
to the second one. By comparing Tables 10 and 11,
it was found that by increasing the blast delay time,
the damage to the rock mass was equal in both
linear and non-linear blasting patterns. It is
revealed that only in the model (GSI = 50, D = 0),
the damage zone had more development in the
nonlinear blasting pattern compared to the linear
one, extending to 25 m from the blast hole.

Table 10. Maximum PPV values on the blast hole collar and the first mode of discontinuities for 100 ms delay
time (linear blasting pattern).

Distance from the PPV(mm/s)
blast hole (m) GSI =75, GSI =75, GSI =75, GSI =50, GSI =50,
D=0 D=0.7 D=1 D=0 D=0.7
0 220.37 338.24 333.55 262.74 340.35
10 206.50 201.52 423.90 347.20 492.75
25 60.55 58.35 70.04 123.49 225.70
40 12.61 16.14 22.43 26.66 105.74

Table 11. Maximum PPV values on the blast hole collar and the first mode of discontinuities for 100 ms delay
time (nonlinear blasting pattern).

Distance from the PPV(mm/s)
blast hole (m) GSI =75, GSI =75, GSI =75, GSI =50, GSI =50,
D=0 D=0.7 D=1 D=0 D=0.7
0 210.46 270.64 300.22 293.52 337.92
10 217.06 151.56 264.23 215.80 339.18
25 83.97 67.78 69.37 133.83 198.08
40 13.07 17.70 29.10 38.19 109.91
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Table 12. Maximum PPV values on the blast hole collar and the second mode of discontinuities for 100 ms delay
time (linear blasting pattern).

Distance from the PPV(mm/s)
blast hole (m) GSI =75, GSI =75, GSI =75, GSI =50, GSI =50,
D=0 D=07 D=1 D=0 D=0.7
0 200.01 382.91 289.41 205.03 382.76
10 93.71 250.36 293.14 198.81 296.33
25 8.55 24.85 37.46 47.62 155.41
40 0.50 8.48 12.66 18.45 70.71

Table 13. Maximum PPV values on the blast hole collar and the second mode of discontinuities for 100 ms delay
time (nonlinear blasting pattern).

. PPV(mm/s)
D'Stancf]glr(f%he blast GSI =75, GSI=75, GSl=75, GSI =50, GSI=50,
D=0 D=07 D=1 D=0 D=07
0 30552 298.96 261.69 36578 382.93
10 15356 197.44 20431 186.30 210.79
25 13.03 27.15 38.65 87.69 157.28
40 3.86 9.04 13.54 31.93 76.23

5. Conclusions

This study investigated 56 numerical models to
determine the effect of changes in four blast design
parameters (blast delay time, sub-drilling,
decoupling, and blast damage factor, D) on the
PPV values in granite and diorite rock masses. The
most important results obtained from this work
include:

e With an increase in the distance from the blasting
location, the wave caused by the blasting of the
charge column had a decreasing trend, and the
PPV values lowered.

e The results obtained from the numerical
modelings demonstrated that the geological
discontinuities act as a filter and can reduce the
energy of the incident wave. In this regard, the
first discontinuity, especially in rocks with
higher strength, has the greatest effect on the
damping of the blast wave.

e With areduction in the rock mass strength caused
by the increase in the blast damage factor (D), the
PPV values in the monitoring points increased.

e The results of this study indicated that by
increasing the decoupling (decreasing the
coupling), the PPV values could reduce by up to
more than 90%, depending on the strength
properties and quality of the rock mass.
Moreover, it was observed that in the second
mode of the discontinuities, the reduction of
coupling by 50% and 66.6% in the granite
lowered the PPV values at the first discontinuity
by 86% and 94%, respectively. The
corresponding reductions of PPV values for the
diorite were 92.9% and 97.9%, respectively.

e It was concluded that for the first mode of
discontinuity as the delay time increased from 0
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ms to 100 ms, the PPV values reduced 66.42%.
This reduction is 31.3% for the second mode of
discontinuities.

e The development of the blast damage zone in the
first mode of discontinuities was similar for both
linear and non-linear blasting patterns.
Meanwhile, for the first mode of discontinuities,
the blast damage zone had more development in
the linear blasting pattern in the model (GSI = 50,
D =0).
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