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Blast and stress release create cracks, fractures, and excavation damage zone in the
remaining rock mass. Bench health monitoring (BHM) is crucial regarding bench
health and safety in blast dynamic loading. Several empirical criteria have been
proposed for a quick estimation of different parameters of a rock mass in the zone
damaged by the blast. This work estimates the rock mass properties behind the blast
hole based on the generalized Hoek-Brown failure criterion and quantitative
disturbance factor (D). Considering a constant D value, either zero or one, for the entire
rock mass, remarkably alters its strength and stability, resulting in very optimistic or
very conservative analyses. Therefore, D is considered based on the elastic damage
theory, and numerical simulation is conducted based on the finite difference software
FLAC to investigate the vibration and damage threshold by monitoring the peak
particle velocity (PPV) in the bench domain with different geometries. According to
the numerical simulation, as the depth behind the blast hole increases, the value of D
decreases from one to zero almost non-linearly, resulting in a non-linear reduction in
the Hoek-Brown behavioral model properties. It is found that using various parameters
of rock mass in the blast-induced damage zone behind the hole leads to thoroughly
different PPV values than the constant parameters. Accordingly, the approach to using
the quantified values of parameter D is of great importance in the estimation of various
properties of a rock mass in the blast-induced zone, as well as calculation of the
vibration.

1. Introduction

The drilling and blasting method is an approach
for rock excavation in the slopes and underground
structures. Shock waves and high-pressure gases
are produced due to the blasting create, and
propagate the cracks and fractures in the rock mass,
consequently resulting in rock fragmentation [1-3].
Additionally, vibrations or waves are among the
main problems and consequences of blasting in
mines, which may lead to the opening and slippage
of joints and faults in the rock mass, and damage to
benches and the surrounding structures, along with
the economic and environmental issues [4-10]. The
unwanted damaged regions of rocks in surface
blasting can be divided into two groups: over-break
zones (as back-breaks and side-breaks) and
cracked zones. Unwanted damages to benches and
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slopes are called blast-induced rock mass damages.
These damages reduce the rock mass integrity, on
the one hand, and result in the excavation
problems, slope instability, and inappropriate
reduction of the bench width, on the other hand,;
accordingly, controlling ground vibrations,
calculating damage size in the rock mass, and
minimizing the blast-induced damages are of
crucial importance [11-13]. Various indices have
been introduced to investigate blast-induced
vibration effects, among which the peak particle
velocity (PPV) has received attention from many
researchers, and a variety of relationships have
been presented to relate PPV with the blasting zone
properties and enhance it using different methods
[14, 15]. Many researchers have predicted the
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blast-induced damaged zone regarding the PPV
threshold [4, 12, 16, 17]. Shadabfar et al. [ 18] have
provided comprehensive modeling based on
mathematical fundamentals and improvements in
the current criteria to determine the extent of
damage due to the single-hole blasting using the
probabilistic method.

In the zones of blast-induced damage, the rock
mass properties are reduced, so the effects of the
weakened rock mass on estimating ground
vibration and slope stability are critical. Moreover,
if such a rock mass is assumed to be intact, the
slope stability will be overestimated. A realistic
analysis of the ground vibration and mine wall
stability after blasting is possible if one can
estimate the rock mass strength reduction caused
by blasting [19-21]. As it is evident, the most
accurate method for obtaining the rock mass
properties is large-scale in-site experiments in the
field [22, 23]. However, the probably sloped
conditions and high elevation of the benches, along
with the costly and lengthy experiments, make
their use difficult. Several empirical criteria have
been proposed for a quick estimation of the
parameters of a rock mass. In this regard, the Hoek-
Brown failure criterion is an accepted method in
the community of rock mechanics [24]. A
parameter called the disturbance factor was
introduced to improve the strength estimation
accuracy of a rock mass regarding the blast-
induced strength reduction and stress relaxation
during excavations. The disturbance factor allows
for the quick estimation of the rock mass properties
in the excavation damage zone [24, 25].

In the guidelines of the Hoek-Brown criterion, a
constant disturbance factor has been assigned to
damaged rock masses without considering the
damage reduction with the rise in the depth behind
slope surfaces and holes [25-27]. Some researchers
considered assigning a variable disturbance factor
to the zone behind the slope surfaces since
assigning a constant disturbance factor to the
damaged zone is not proper. For instance, some of
them assumed a decreasing linear disturbance
factor and a parallel layer model [19, 21, 28, 29].
Through numerical simulations, Lupogo et al. [30]
and Rose et al. [31] have found that the damage
declines almost exponentially with the rise in
depth. Lemaitre [32] has presented some equations,
defined as the relative value of the elastic modulus
damage, based on elastic damage theory to
quantify the disturbance factor. Hamdi et al. [33],
Chen et al. [34], Pan et al. [16], and Wang et al.
[35] have employed the relative value of elastic
modulus damage for numerical modeling. Yang et
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al. [36] have utilized the P-wave velocities of the
rock masses based on the Hoek-Brown criterion
and the rock mass quality Q-system to develop the
quantity of the disturbance factor. Regarding the
previous discussions and the importance of blast-
induced zone characterization and reduction in
rock mass properties in this zone, in this research
work, bench health monitoring (BHM) will be
conducted through numerical simulation of the
PPV threshold in the FLAC finite difference
software.

2. Methodology
2.1. Generalized Hoek-Brown failure criterion

Following their study on the non-linear Griffith
failure criterion regarding the tensile fracture of
fragile materials such as glasses, Hoek and Brown
proposed the empirical equation below with the
results of a wide range of triaxial experiments on
the intact rock samples to perform the required
analyses of underground excavations designed in
hard rock masses [24, 37]:

o
o,=0,+0, |(m—+1)

ci

(1

where O, and O, are the major and minor

principal stresses in failure, respectively.

Moreover, o . is the unconfined compressive

Ccl
strength of the intact rock, and mi is the Hoek-
Brown constant for the intact rock, which depends
on the rock type, the mineral composition, and the
texture size.

The Hoek-Brown failure criterion for the rock
mass was updated in numerous editions with
fundamental changes in the concepts and equations
from 1965 to 2018. These changes included the
definition of the undisturbed and disturbed rock
mass and the zero tensile strength for poor rock
masses. Furthermore, in order to connect this
criterion to geological observations by one of the
rock mass classification systems, the geological
strength index (GSI) was introduced instead of
Bieniawski's rock mass rating (RMR) [27, 38].

The generalized Hoek-Brown criterion for
estimating the rock mass strength is defined as
below:

’ a
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where my, s, and a are the Hoek-Brown constants
for the rock mass, and can be calculated based on



Mousavi et al.

the latest presented edition using the below
equations:

e[ GSI =100 N

v = MO\ e 14D

e (GSI—IOO) "
P79 3D

a :l+l(e—GS1/15 _e—20/3) (5)
26

For undisturbed rock, a=0.5,s=1,and D is a
factor that depends on the level of disturbance due
to the blasting or stress relaxation, which will be
discussed in Section 2-2 [25]. This study aims to
investigate the disturbance factor (D) variations
behind the blast hole and its effect on the rock mass
properties and bench health monitoring (BHM).
Therefore, the details of the other parameters of the
Hoek-Brown criterion in Eqs. 2-4 are available in
Hoek [39].

The Hoek-Brown criterion also provides
estimations of the rock mass deformation modulus

(E,,), uniaxial compressive strength (o, ), and
uniaxial tensile strength (o,,) as the following
equations [25, 40]:

o
2
Erm = Ei (0.02 + He((ﬁoﬂm) (6)
o, =0, x (m, +4s—a(m, —8s))(m, /4+s)"" ™
2(1+a)2+a)
o, _50u :&.ex (GSI1-100).(19-11D) @®
m, - m (9-3D).28-14D)

where EI is the intact rock deformation modulus
(MPa).

Blasl damaged
rock behind face

Original bench
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2.2. Disturbance factor (D) of Hoek—Brown
criterion

The rock mass strength parameters can be
changed due to the stress relaxation and depending
on the excavation type and blasting quality control.
This impact is applied using the disturbance factor
(D). The blast disturbance factor was introduced in
the 2002 edition of the Hoek-Brown criterion to
estimate its parameters including strength and
deformation modulus. The value of D ranges from
zero for in-site intact rock masses to one for very
disturbed rock masses [25].

The experiences of slope design in huge open-
cast mines have shown that the Hoek-Brown
criterion of undisturbed in-situ rock masses (D = 0)
leads to very optimistic parameters. Most of these
studies have revealed that when assuming
undisturbed conditions, the predicted Hoek—Brown
strength is significantly higher than the back-
calculated strength values. Heavy blasting and
stress relaxation create disturbance in the rock
mass. It is more suitable to employ the disturbed
rock mass parameters (D = 1) in the Hoek-Brown
criterion for these rock masses. Some guidelines
have been provided for estimating the disturbance
factor for tunnels and slopes. Primary guidelines
have also been presented as the starting point for
determining the thickness of the blast damage zone
due to the production blasting [25, 27, 40].

In Figure 1, the ranges between the blast-
damaged rock mass, muck pile, and undisturbed
rock mass are schematically presented. The
damaged rock mass properties affect the slope
stability after excavation of the muck pile. The
blast damaged zone thickness (T) depends on the
blasting operations [26]. When blasting is confined
with little or no control, T = 2.0-2.5 H. When
blasting is toward the free face with no control, T
= 1.0 - 1.5 H. When the blasting is toward the free
face with some controls, e.g. several buffer rows
areused, T=0.5-1.0 H[20, 26]:

Undisturbed rock mass

Figure 1. Schematic representation of undisturbed, disturbed, and blasted rocks in a mine wall [26].
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Different factors such as blasting design and rock
mass properties might affect the disturbance factor
in a rock mass, so the accurate determination of the
D value is not simple.

The rock mass properties in the damaged zone are
lower than in the undamaged zone [25]. By
performing a sensitivity analysis, it can be
determined how significant the D impact is on the
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properties of the rock mass and slope design. Figs.
2(a) and 2(b) illustrate the D impact on the
compressive strength and deformation modulus of
the rock mass, respectively. It is obvious that D has
a considerable impact on the estimated
deformation modulus and compressive strength of
the rock mass [26, 40, 41].

— D=0
b — D=0.1
— D=02
— D=03
— D=04
— D=05
— D=06
— D=07
— D=08
— D=09
— D=10

60
GSI

70 80 90 100

Figure 2. Impact of disturbance factor (D) on compressive strength (a) and deformation modulus (b) of rock
mass [41].

Selecting a suitable value and determining the
expansion of the damaged zone are two principal
matters in employing the D factor. The most
important point in determining the expansion of the
blasting damage is that the D factor should not be
employed for the whole rock mass near the
blasting. This is a prevalent modeling mistake that
can remarkably underestimate the rock strength
and the ultimate wall stability. The D factor should
only be considered for the damaged zone of the
rock [26].

2.3 Accumulative damage from blasting

Considering the damage as isotropic is among the
simplest but the most prevalent hypotheses in
continuum damage mechanics [33, 35]. By
applying the blasting stress, primary cracks of the
rock mass can be activated. Then they start to be
propagated, and D starts to rise. The activated rock
mass cracks propagate continuously, resulting in
new damages. In this case, D should be considered
an internal state variable, which indicates the rock
mass damage level at each instant, and a
comprehensive description of the rock mass
requires a method showing the growth and
temporal change of damages in the rock mass.
Therefore, there would be accumulative blasting
damage (D») [35].
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Based on effective stress, Lemaitre showed the
isotropic distribution of micro-cracks and damages
in materials as the reduction in the elastic modulus.
A partly damaged rock is deformed under tensile
loads with an E; deformation modulus, which is
smaller than the Eq primary modulus of the intact
rock. The disturbance factor of D, is considered a
parameter that reduces the material's modulus from
the primary modulus to the E; modulus, as follows
[16, 32-35]:

p,=1-5

0

)

As mentioned in the previous section, in a
numerical simulation, the disturbance factor should
not be taken as a constant value between zero and
one but rather should be taken into account using
the quantitative equations available. In this
research work, Eq. 9 was used. Therefore, in the
numerical modeling, the value of D, should be
assigned to each element, the model should be
updated in each time step compared to the damage
in the previous run, and finally, all Hoek-Brown
parameters related to the disturbance factor
including my, s, and E should be updated and
decreased only in the damaged zone during the run

according to Eqs. 10-12. Consequently, the o, and
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o, parameters are also updated, which is the

advantage of this approach over the method that
weakens the entire model.

e T 28-14D,
GSI-100
S, = €Xp W (11)
li//
1_ n
2 12
Erm =E5(0~02+1+e((60+15D”—GS1)/11)) (12

2.4. Calculation of PPV and determination of
damage threshold

The most common method for measuring blast-
induced damage is to measure vibrations that result
from blasting. The ground vibration recording
devices can directly measure the peak particle
acceleration (PPS) as well as peak particle velocity
(PPV). The two types of sensors of the geophone
and accelerometer can be used for blasting. The
accelerometers are mainly used in the near-field
areas of blasting, and by using them, the
acceleration can be directly measured. Meanwhile,
in the far-field areas of blasting, geophones are
mostly used, and by using them, the velocity can be
directly measured. PPV not only theoretically
corresponds to the blast-induced stress, but it also
has a proper correlation with the real damage level,
and is simpler than the other methods in terms of
operations and also more accessible. PPV is
obtained from Eq. 13 [17]:

PPV = |(V)? + (o2 + (V)

where Vi, Vy, and V, are the longitudinal,
vertical, and transversal components of PPV
(mm/s).

The PPV threshold is significantly affected by
the blasting load and the rock mass properties.
Therefore, obtaining an accurate value is very
difficult. Numerous researchers have used PPV in
the field tests and numerical analyses, proposing
different values for the PPV threshold [16, 18].

As a result, PPV was used as the main parameter
for the investigation of the effects of blasting
disturbance factor (D) and bench health monitoring
(BHM). According to Bihandri [42], the PPV
threshold value of PPV = 50 mm/s was considered
for the damage threshold. Therefore, after applying

(13)
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the blasting load to the model and updating the
parameters of the Hoek-Brown failure criterion in
the damaged zone, monitoring the PPV value was
performed using the FISH program in the FLAC
software for the considered recorded points.

In this work, we have two important FISH
programs: 1- regarding the PPV calculation, 2-
regarding the calculation of blasting disturbance
factor (D) and updating the parameters of the
Hoek-Brown criterion. For the FISH program
regarding PPV: PPV is the average value of the
longitudinal, vertical and transversal velocity, and
it is calculated using Eq. 13. First, certain key
points in the grid must be identified and selected,
and then using pre-defined variables related
velocity, the PPV value is obtained. It is necessary
that the maximum PPV value is selected WHILE-
STEPPING. To do this, initially the PPV value is
assigned to an extra variable, and using the IF
statement, the obtained velocity value is compared
with the value assigned to the extra variable. If a
higher value is recorded, that number is considered
as the final PPV value.

For the FISH program regarding the D
parameter: The value of D is obtained from Eq. 9.
Before the explosion, the rock mass deformation
modulus is a constant, defined value that is
presented in Table 1 and is assigned to the model
in the static solution single. The corresponding
FISH variables to directly calculate the post-
explosion rock mass deformation modulus for each
of the zones in the model are not available.
Therefore, we can calculate the value of the shear
modulus or the bulk modulus for each zone using
the FISH variables related to stress and strain, and
then calculate the deformation modulus of each
zone using the existing equations for elasticity.
Finally, the D value of each zone can be calculated.
Additionally, a function of all of the parameters in
the Hoek-Brown criterion that relate to the

disturbance factor including m, s, E, 0., and O,

is created, and the values are updated during the run
and WHILE-STEPPING.

3. Numerical Modeling Considerations
3.1. Geometry and model properties

For bench health monitoring (BHM), first, the
monitoring goals should be determined regarding
the requirements of rock engineering challenges
and the use of micro-seismic monitoring. Then the
whole region involved can be evaluated based on
the monitoring goals. The sensitivity extent and
location accuracy in the monitored areas depend on
the possibility and severity of the rock mass
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instability in each area. Micro-seismic monitoring
should be more sensitive and have a higher location
accuracy when the likelihood of rock mass
instability is greater. According to the International
Society for Rock Mechanics (ISRM), as shown in
Figure 3, for engineering monitoring of the slope,
the sensors are directly installed in the slope body,
where some concerns exist about the slope surface
[43].

In this work, the total number of created models
was 90, which consisted of three benches of 5-, 10-

,//——ﬁiﬁiﬁ"\
v / \
— e
\ \\
Sensor'/'\‘;‘ N Slope
\ },/
PANEIE S
\ \
e\
0\ \\
\ —_\
S
\ EES——————
_ﬁiﬁfﬁf—li___.l_;/z/ /_,//

ey
Figure 3. Layout of sensors for micro-seismic
monitoring of rock mass fracturing in slope
engineering [43].
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, and 15-meters height and three slope angles of 55,
65, and 75 degrees, and various widths (the
distance between the hole and the bench toe above)
from 1 to 10 m, which are schematically shown in
Figure 4.

Moreover, in this work, the rock mass properties
were extracted from the values presented by Hoek
and Brown [44] for granites. For the rock mass
behavior modeling, the modified Hoek-Brown
model was used. The rock mass properties are
presented in Table 1.

rW:lfolOm-I

H
H
H
s a=55",65°.75°
H
B

[ L VT (N { W 4 W L W W 4 W 4 W L W A W LW . W 4 W £ W W | W 4 W L W 4

Figure 4. Geometric variables used in numerical
analysis.

Table 1. Details of dynamic properties of granite rock mass [44].

D Densit(Kg/m’) m, GSI  m, s a o,/Pa o,Pa) E,(Pa)
0 2700 35 75 1023 0.062 0501 1.6OE106  1.28E+08  S.16E110
1 2700 25 75 419 0015 0501  1.03E+06  7.96E+07  2.70E+10

3.2. Damp and mesh parameters

One of the crucial problems concerning meshing
in dynamic analyses is determining the proper
mesh size to control wave transmission. The
frequency and velocity of the applied wave to the
system are two parameters affecting the numerical
computation accuracy of the wave propagation.
Kuhelemeyer and Lysmer [45] showed that to
ensure the correct wave transmission and rational
analysis of the wave propagation using the
numerical method, the largest dimension of the
element ( Al ) must be lower than one-tenth to one-
eighth of the created wavelength by the highest
input wave frequency to the medium [46], i.e.:

%OSAZS%

where A is the wavelength created by the largest
frequency component of the waves entering the
system, which can create energy.

On the other hand, considering the geo-
mechanical parameters of the medium, the

(14)
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compressive (Cp) and shear (Cs) wave velocities are
obtained using the following equations [45, 46]:

CP = w (15)
\/ P
Cs = g (16)
P

where K is the bulk modulus, G is the shear
modulus, and p is the density of the medium. By
substituting the elastic properties of the most
critical state of the medium, i.e. the rock mass
properties corresponding with D = 1 from Table 1
in the equations above, the compressive and shear
wave velocities were calculated at 3333.3 and
2041.2 m/s, respectively. The mesh size was
almost 2 meters, and since the smaller mesh sizes
lead to increased accuracy in software’s
calculations, so we considered the mesh size to 0.5
m for more accuracy.
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3.3. Boundary conditions and mechanical
damping

Boundary condition and mechanical damping are
aspects that the user should consider when
preparing the FLAC model for dynamic analysis.
In a FLAC dynamic analysis, two boundary
conditions are usually used. One is the free-field
boundary, and the other is the quiet (viscous)
boundary. The wave reflections at model
boundaries may be reduced by specifying the
boundary conditions. The quiet boundary is based
on the use of independent dashpots in the normal
and shear directions at the model boundaries. The
quiet boundary prevents the reflection of outward-
propagating waves back into the model and allows
the necessary energy radiation. The free-field
boundary enforces free-field motion at the lateral
boundaries of the model such that these boundaries
retain their non-reflecting properties (i.e. outward
waves are properly absorbed). In FLAC, the free-
field boundaries are coupled with viscous dashpots
to simulate a quiet boundary [46]. Since quiet
boundaries are best-suited when the dynamic
source is within a grid [46], the quiet boundary
conditions are employed for the lateral and bottom
boundaries of the model to avoid unwanted
reflection of the blasting wave into the model.
Moreover, based on the term “Burden”, which is
defined as the distance from the front row of holes
to the free surface, the right-lateral boundary of the
model is also considered as the free. The main goal
of applying these boundaries is to allow the
expansion to occur only in free surface.

Types of damping include viscous and hysteretic
damping. In rock and soil, natural damping is
mainly hysteretic. ~Hysteretic —damping is
independent from frequency, and assumes non-
linear relationships between stress-strains. Viscous
damping is frequency-dependent. Rayleigh
damping is viscous damping, which is proportional
to a linear combination of mass and stiffness.

In time-domain programs, Rayleigh damping is
commonly used to provide damping. Rayleigh
damping is specified in FLAC with the parameter
center frequency (cycles per second) and critical
damping ratio. In this work, the Rayleigh damping,

Journal of Mining & Environment, Vol. 13, No. 3, 2022

which is often used for dynamic geo-technical
engineering, is employed. For geological materials,
the damping ratio commonly falls in the range of
2-5% of critical. In the analyses that use one of the
plasticity constitutive models like the Hoek-Brown
criterion, a considerable amount of energy
dissipation can occur during plastic flow. Thus for
many dynamic analyses that involve large-strain,
only a minimal percentage of damping (e.g. 0.5%)
may be required. Therefore, in this work, the
damping ratio was considered to be 0.5% in the
conducted modeling [46].

3.4. Blast loading

During the blasting process, the medium is
loaded in two steps approximately. In the first step,
the loading is performed by the impact wave. The
expansion caused by the blasting gases results in
the reloading on the surrounding medium in the
second step. The present work focuses on the value
of vibration caused by a single-hole pattern and a
single explosion stage. Moreover, since no delays
are taken into account, the blast loading is among
the crucial parameters influencing the vibration
recorded on the bench slope. A single hole with a
diameter of 200 mm and a burden of 2 meters was
considered. The explosive was ANFO with a
detonation velocity of 4160 m/s and an explosive
density of 0.931 gr/cm’ [47]. The maximum
dynamic pressure applied to the whole blast hole
wall (the hole pressure) was calculated using Egs.
17-20. Its advantage is the use of the properties of
rock mass and explosives for calculating the
blasting pressure [4, 17].

2
PD=432x10° LD

17
1+0.8p, an

PE=%PD (18)

Pw=pPEL (%

—qk
2 b)

(19)

8p,.C,

_ Frp e—[mﬁ _e—fz[n
p..C,+VD.p,

P(t)=PW.

& B =16338

(20)

In these equations, PD is the blasting pressure
(MPa), p, is the explosive density (g/cm’), q is the
specific heat coefficient, k is the explosive shape

881

factor (2 for cylindrical charges and 3 for spherical
charges), 1 is the blasting hole radius (mm), b is
the explosive radius (mm), p: is the rock density
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(gr/cm’), VD is the detonation velocity (m/s), and t
is time (s).

The maximum dynamic pressure was calculated
at 4.45 GPa by substituting the above parameter
values in Eq. 20. Since explosive blasting is a
complex instantaneous process, for simplifying the
analysis in this work, the blasting load was applied
as a triangle pulse time history curve to the model,
as shown in Figure 5, i.e. the load rises linearly to
the highest load in the first 20 us before unloading,
and then the linear drop of the pressure lasts
250 s .

w »
w s w;

Pressure (Pa)*1079
PN
= 0N W],

©
o wun

0 0.20.40.608 1 1.2141.61.8 2 2.22.42.62.8
time (s)*10"-4
Figure 5. Time history diagram of equivalent load.

4. Results and discussion
4.1. Effect of disturbance factor (D)

The present work investigated three different
types of models, namely models with the Hoek-

3500
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20004 | /w
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~
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1000 ~

500 -
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Brown constant parameters D = 0 and D = 1
according to Table 1, as well as a model applying
the D = f function from Eq. 9. First, the PPV values
from the hole-head to the toe of the above bench
(history points from a to u) with a distance of 50
cm were monitored. Figure 6 illustrates that with
the rise in the distance from the hole, the PPV value
decreases, showing the wave damping.
Furthermore, the PPV values recorded for the
model with D = 0 were lower than those for the
model with D = 1, and in the model where the D
value was assigned as a function, the recorded
values differed from those of the two mentioned
models. This shows that if we weaken the model's
mechanical properties by applying D = 1, higher
vibration values will be recorded in the model. This
weakening may have lower correctness in terms of
numerical modeling, and the analyses may be
conservative. In case the mechanical properties of
the model are investigated by applying the
parameters corresponding with D 0, lower
vibration values may be recorded, i.e. the analyses
may be optimistic. Therefore, by assigning Eq. 9 to
the model as fish programming and allowing the
model to apply the D value during the run and
reduce and apply other parameters depending on
the D of the Hoek-Brown criterion during the run
only for the damaged zone, more rational values of
PPV will be obtained. Accordingly, the other
models were developed by applying the function
for D.
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Figure 6. PPVs recorded in two models of rock masses with D =0 and D = 1, compared to a model with D ={.
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4.2. Estimation of rock mass properties in
blast-induced damaged zone

Primary values of the rock's dynamic properties,
i.e. D =0 from Table 1 were applied to the model.
The D value was applied to the model as the
function mentioned in Section 3-2 using fish
programming in the FLAC software. The zones of
the model with a deformation modulus lower than
the primary deformation modulus of the rock mass
were known as the blast-induced damaged zone.

Some of the factors directly related to the
disturbance factor in the Hoek-Brown failure
criterion are deformation modulus E, m, and s
parameters. These parameters are reduced with the
increment of the disturbance factor, and the tensile
and compressive strength values are reduced
indirectly. All these parameters, which are the
inputs to the Hoek-Brown criterion, are updated in
each time step during the run by fish programming
in the FLAC software. The parameters are reduced
in the damaged zone, and in areas out of this zone,

Erm/Er0
1.0000E+00
9.0000E-01
8.0000E-01
7.0000E-01
6.0000E-01
5.0000E-01
4.0000E-01
3.0000E-01

| 2.0000E-01
1.0000E-01
0.0000E+00

s/s0
1.0000E+00
9.0000E-01
8.0000E-01
7.0000E-01
6.0000E-01
5.0000E-01
4.0000E-01
3.0000E-01
| 2.0000E-01
1.0000E-01
0.0000E+00

1.0000E+00

9.0000E-01
8.0000E-01
7.0000E-01
6.0000E-01
5.0000E-01
4.0000E-01
3.0000E-01
2.0000E-01
1.0000E-01
0.0000E+00

Siitirm/sigtirmo

Journal of Mining & Environment, Vol. 13, No. 3, 2022

the primary values of properties are preserved (D =
0).

Figure 7(a) depicts the Hoek-Brown disturbance
factor (0 < D < 1) due to the blasting behind the
blasting hole. In Figure 7(b), we can observe that
in areas near the hole where the blasting load is
higher area and in damaged zones, the rock mass
deformation modulus E,, is lower, and it increases
to the undisturbed value Erm0 with the rise in the
hole distance. At distances closer to the hole, where
the rock mass experiences the most severe damage
(D = 1.0), the deformation modulus is reduced to
0.33 compared to the damaged value. Moreover,

Figs. 7(c-f) show them, /m,, s/s,, o, /0

crm0 >
and o,,/0,,,ratios between the disturbed and

undisturbed rock masses, which are 0.41, 0.25,
0.62, and 0.61, respectively. The s parameter of the
Hoek-Brown criterion is weakened due to the
excavation damages caused by more blasting and
has the highest effect, while the rock mass
compressive strength has the lowest impact.
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Figure 7. Reduction in rock mass properties in damaged zone (D).
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4.3. An investigation into plasticity criterion

The plastic zone around the hole can be used as a
separate criterion for understanding rock mass
fracture behavior due to blast damage and bench
health monitoring (BHM). Zones, where stresses
satisfy the yield criterion are indicated by the
plastic zone around the hole. The plastic yield
shows the maximum value of the micro-cracking
numerically.

The plastic zone is plotted in Figure 8 and
compared with the Hoek-Brown disturbance values
as contours. The model was run until the input
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wave was totally damped. This was done by
recording the history at different points. The plastic
zone value was compared with the disturbance
zoning of Hoek-Brown at different points until the
run was over. The Hoek-Brown damage zoning
values approximately equaled the plastic zone. In
time 0.2E-3s, when the blasting began, the plastic
zone radius equaled 0.75 m, and the Hoek-Brown
damage zoning (D) was 0.87 m. At the end of the
run, the plastic zone radius approximately equaled
the Hoek-Brown damage zoning radius around the
hole and reached about 5.5 m, which was around
27 times the model blasting hole radius.

Zone
Plane: active on
Colorby: State -Average
Elastic zone
Plastic zone
D=1
D=0.9
D=0.8

D=0.6
D=0.5
D=0.4
D=0.3

t=0.2E-03 s

t=2.5E-03 s

1=2.0E-02 s

t=3.5E-02 s

Figure 8. A comparison between plastic zone and D zoning around hole.

4.4. An investigation into bench health
monitoring (BHM)

The peak particle velocity (PPV), the most
common index for judging the value of the rock
mass damage, was used for bench health
monitoring (BHM) with geometric properties of
Figure 5. Figs. 9-11 illustrate the PPV variations in
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slope face at three points, i.e. the crest (C), middle
(M), and toe (T) of a bench with different heights
(H), slopes (a), and widths (distance between the
hole and the bench toe, W). Figs. 9-11 demonstrate
the short benches (H = 5 m), medium benches (H =
10 m), and high benches (H = 15), respectively.
Additionally, the history point was considered 1
meter above the bench toe.
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It is obvious that the PPV values were reduced
with the rise in the hole distance from the slope, i.e.
in higher blasting loads (distances closer to the
blasting hole), the PPV values increase, and in
lower blasting loads (distances far from the
blasting hole), the PPV values decline. The PPV
value is maximum in the toe and minimum in the
crest.

As mentioned in Section 4-2, the damage
threshold value of 50 mm/s was selected for
calculating safe distances and BHM and drawn as
horizontal dashed lines in the figures. As it is
visible in Figure 9, in smaller benches where the
height is equal to 5 meters, the toe, the middle and
the crest of the bench are all within the damage
threshold. If the distance between the hole and the
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upper bench is about 2 meters, the effect of the
vibration and damage will reach the crest of the
upper bench. The toe of the upper bench will be
damaged if a blast hole is located closer than 6
meters away from it. Therefore, to keep the upper
bench safe, either a smaller blast load should be
applied or the blast hole should be farther than 6
meters. Also greater vibrations will be recorded, at
smoother slopes, i.e, 55 degrees, than at steeper
slopes such as 75 degrees. The damage extends to
the middle of a medium bench (Figure 10), while it
only reaches the toe of a high bench (Figure 11).
Furthermore, the PPV values are lower for steeper
slopes in constant blasting loads (constant distance
between the hole and bench) and are higher for
smoother slopes.
—e—T; H=5;a=55
—*— T, H=5;a=65
—a—T; H=5;a=75

M;H=5;a=55

M;H=5;a=65

M;H=5;a=75
—e— C;H=5;a=55

—*— C;H=5;a=65
—=— C;H=5;a=75

0.1 T T T

Figure 9. PPV monitoring in toe, middle, and crest of short benches.
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o —
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e ]
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Figure 10. PPV monitoring in toe, middle, and crest of medium benches.
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Figure 11. PPV monitoring in toe, middle, and crest of high benches.

5. Conclusions

The dynamic capabilities of the finite difference
method allow for investigating the mechanism of
creation and propagation of waves caused by
blasting, expansion of blasting damage zone in the
rock mass, and bench health monitoring (BHM). In
this work, the blasting process of a granite rock
slope was simulated using the Hoek-Brown
criterion, and bench health monitoring was
evaluated by analyzing the disturbance factor and
monitoring the peak particle velocity. The most
important results of the work are as follow:

e In the Hoek-Brown failure criterion, the D
disturbance factor is estimated based on a
descriptive approach, which is complicated.
In this work, a quantitative equation was
used based on the elastic damage theory.
Regarding the numerical simulation results,
when the blasting load is applied to the rock
mass, the slope damage level increases over
time, resulting in accumulative damage.
Finally, a broken zone was formed around
the blasting hole.

e To some extent, the disturbance factor D =
1.0 remained constant behind the hole.
Then it was reduced nonlinearly. The
mechanical properties of the Hoek-Brown
behavioral model, as well as the rock mass
quality, declined due to the nonlinear
reduction of D caused by receding from the
hole. In the damaged zone, the s parameter
of the Hoek-Brown criterion had the
maximum affectability from the blasting
and was reduced to 0.25 of its primary
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value. Meanwhile, the rock's compressive
strength had the minimum affectability and
was reduced to 0.62 of its primary value.

e According to a rule of thumb, the plastic
zone is 15 to 20 times the hole radius. This
value was estimated to be 27 times the hole
radius using the numerical method, which is
close to the above empirical value.

e The affected blasting zone can be obtained,
and the bench health monitoring (BHM)
can be investigated using the PPV threshold
value. Numerical simulation shows that
using different rock mass properties in the
blasting zone produces different results in
the PPV evaluation of the slope compared
to using constant parameters. Regarding the
PPV analysis, a large blasting load, i.e. a
closer hole to the slope face, can cause
severe damages to the bench, and the bench
will be safer by reducing the blasting load,
i.e. increasing the hole's distance from the
slope face.

e In smaller benches (H = 5 m) the toe, the
middle and the crest of the benches will be
in the damage threshold. In medium-sized
benches (H = 10 m), the damage will reach
near the middle of the bench, and in high
benches (H = 15 m), only the toe of the
bench will be damaged. Therefore, in order
to keep the upper bench safe, either the
distance of the hole from the upper step’s
toe should be increased or the controlled
blasting methods should be deployed to
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restrain the blast load and vibrations.

e At a constant blast load (constant distance
between the hole and bench), the recorded
PPV values are lower for steeper slopes, i.e.
75, and higher for smoother slopes, i.e. 55°.
Therefore, smoother slopes are more
susceptible to vibration than steeper slopes.
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