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Abstract Blast-induced ground vibrations are considered
as an undesirable phenomenon resulting from productivity
explosions in the extractive industries. Moreover, they are
considered as a high potential cause for the damage of the
surrounding structures. In this paper, the ground vibration
data were recorded using a seismograph device at different
distances from the detonation point in the quarry site of
“Sococim Cement Factory,” which is located on Senegal.
Thereafter, 2D axisymmetric numerical model has been
established to simulate the propagation of the mechanical
shock wave in the considered medium. The numerical
modeling was developed under AUTODYN software, which
is an explicit FEM code. First of all, the numerical model
has been validated against the experimental measurements,
by comparing the numerical and experimental longitudinal
(V1) and vertical (V,) velocity signal at different gauges, for
different equivalent explosive charges per delay (meq(rNr))-
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A calibration was carried out only on the elastic properties
of the rock to achieve this purpose. The adjusted values of
K and G allowed to reproduce the numerical PPVs, in order
to be in a good agreement with the measured PPVs. The
energy dissipation due to the RHT model and the phe-
nomenon of vibration’s damping as a function of time at
the gauges locations is well reproduced by the numerical
model. It is noted that the plasticity and damage near the
borehole have no effect on the propagation celerity of the
shock wave, which remains the same in the elastic medium.
Furthermore, the damaged zone nearby the detonation
point has been assessed and described by identifying the
transition of limestone properties from the elastic—plastic to
plastic-damage state. The characterization of the damaged
zone, near the borehole for different explosive charges per
delay, helps to calculate the face burden side and to
enhance the blasting design.
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Introduction
Background of the Research

The mechanical characterization of blast waves is an
attracting topic for the companies and design offices that
perform production blasts in quarries, such as cement
plants [12], phosphate production, or public companies that
lead public works in building sites for the infrastructure
design such as roads, bridges [21].

Up to now, and according to the exhaustive biblio-
graphic research that our team have carried out, several
experimental and numerical studies on the propagation of
the blast waves were conducted on concrete structures such
as bridges, dams [36] and on metallic structures [30] as
lattice structures [32] and plates [37, 38]. It has been
concluded from this state-of-the-art synthesis that most of
the considered blasts are carried out in the air medium
[16, 23]; hence, the shock wave is transmitted to the
assessed structure. Regarding the numerical studies, the
design’s dimensions of the studied configurations do not
generally exceed 10 x 10 x 10 m?® [28]. Therefore, even
though the numerical studies are performed on these
structures, the numerical computations are not enough
costly in terms of the calculation time and allocated
material resources [27]. These structure designs of reduced
dimensions do not allow to appreciate the attenuation of the
shock wave with the distance. This phenomenon is essen-
tial to characterize the possible damages on the structures
distant from the blasts [5].

Recently, our research team conducted a blast experi-
mental study in Senegal, namely at the “Sococim cement
factory” presented in Fig. 1. In fact, this quarry site has
been the subject of several unitary and production blasts,
and the components of the velocity, in addition to the

Fig. 1 a Location of “Sococim
cement factory.” b Location of
commune of Bargny and
Rufisque
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acoustic pressure, were measured and recorded using a
seismograph and a microphone. In order to promote the
achieved experimental results, an axisymmetric two-di-
mensional numerical model has been proposed in order to
afford, with accuracy, the experimental results recorded in
terms of the longitudinal (V}) and vertical (V,) velocities at
the specific measuring points and for well-defined blast
equivalent TNT loads, namely 50 kg, 100 kg and 150 kg
(Table 4).

The present numerical contribution is considered
important, since the numerical studies conducted until now
are mostly 2D planar [15, 40] or 3D [17, 19]. In addition,
they shed light on small-scale industrial applications.
Otherwise, the numerical study that is presented in this
paper would simulate a unitary shot in a limestone site, of
real dimensions, which extends on a diameter of 1200 m
and a depth of 100 m. The equivalent charge of the
explosives (meq(rnt)) Was confined with stemming that was
modeled as non-cohesive sand material, and the shock blast
waves are directly transmitted to the limestone.

State of the Art of Blast-Induced Ground Vibration
(BIGV) Studies

Xiaohua et al. [38] carried out numerical simulations to
assess the effects of close proximity underwater explosion
on the nonlinear dynamic behavior (damage processes) of
concrete gravity dams including orifices. As a first step, the
authors calibrated their coupled model using experimental
test data, in order to provide accurate and reliable simu-
lation results. This research team showed that a tighten
orifice’s gate would notably decrease the damage level of
the gravity dam. Moreover, the dam with orifice is vul-
nerable to close proximity underwater explosion compared
to the configuration of the dam without orifice.

City Gouye
Moutride
(Commune
of Rufisque)

City Castor
(Commune
of Barg;

(b)
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Numerical simulations of blasting-induced fracture
expansion in coal masses have been performed by Zhao
et al. [37] using LS-DYNA software. Firstly, the authors
used Kachanov equation, besides the crack connections to
evaluate the damage zone, which is located at the tip of
bedding. Secondly, they assessed the propagation of the
blasting-induced fracture, through the analysis of the bed-
ding plane effect on the reflection and transmission of
blasting stress waves. In addition, this research team
assessed the effect of the delay time [34] on the crack
initiation between two adjacent boreholes.

Zhang et al. [36] carried out finite element (FE) analysis
using ABAQUS/Explicit program to evaluate the nonlinear
structural responses of an arch dam subjected to under-
water explosion (UNDEX) shock loading. The authors
identified two failure modes of the arch dam, namely the
tensile cracking of the dam base concrete and the break-off
failure of the monolith, which is located next to the
explosive source. Moreover, they showed that the compu-
tational strategy of ABAQUS/Explicit software is time
efficient and helps to achieve accurate results that are rel-
atively undemanding in time.

Table 1 Summary of some numerical studies conducted on BIGVs

A numerical modeling for blast-induced fragmentation
in sublevel caving (SLC) mines has been conducted by
Changping et al. [34] using the LS-DYNA code. In fact,
according to these authors, drilling and blasting have an
impact on the flow of SLC material. They showed that a
finer fragmentation could be achieved if a long delay time
is defined. In addition, the authors discussed the main
limitations that are related to the numerical modeling.
Table 1 presents a summary of some numerical studies
conducted on BIGVs.

Numerical models require the definition of several
parameters, such as the mechanical properties of the
medium and its heterogeneity, cracking, water flow, etc.,
that are difficult to determine. As a result, several authors
tend to characterize BIGVs using empirical and statistical
laws. Zeng et al. [35] carried out a regression analysis,
using the empirical formula of Sadovsky [33], of the wave
propagation based on the field monitoring data, in order to
control the blast-induced rock damage near the
Fangchenggang nuclear power station located in China.
Indeed, it is essential to control the blast-induced effects to
ensure an engineering safety of nearby buildings. The

Authors  Approach Studies Main findings and results
Hu et al. Numerical Blast loading model of the RC column under Application of an accurate blast loading model under
[9] investigations with close-in explosion induced by the double end close-in explosion induced by the double-end-
AUTODYN initiation explosive cylinder initiation explosive cylinder considering D/L ratio and
evaluation of the scaled distance using the test data
and numerical calculations
Zhi et al. Experimental and Experimental and numerical investigations of a  Validation of the numerical elastic and inelastic strain
[39] numerical analysis single-layer reticulated dome subjected to results of the multi-curved shell against the
with ANSYS/LS- external blast loading experimental measurements. Examination of strain,
DYNA plasticity development and the absorbed energy by
each component of the multi-curved shell.
Identification of elastic vibrations, slight damage,
local failure and global collapse of the multi-curved
shell
Esmaeili Finite element Finite element method simulation of explosive ~ Multiple small charges with detonation delays would
et al. calculation with LS- compaction in saturated loose sandy soils enhance EC effectiveness. An increased compaction
[5] DYNA and a decreased heave are achieved for charges placed
on the lower half of the soil layer. Using more charge
weight would enhance both surface heave and
compaction of the lower layers
Linforth  Experiment and Unsaturated soil blast: flying plate experiment  Numerical validation of LS-DYNA models throughout a
et al. numerical and numerical investigations series of soil blast tests with 0.5 kg TNT charges that
[16] investigations with were carried out on different plate sizes. The
LS-DYNA sensitivity of the soil properties generally affects the
variations in the plate height
Saleh Numerical analysis Evaluation of soil and fluid structure interaction Assessment of the softening behavior of semi-cohesive
et al. with LS-DYNA in blast modelling of the flying plate test prairie soils due to the development of pore pressure
[27] and the cohesion angle decrease
Tang Explicit finite element  Numerical simulation of a cable-stayed bridge =~ Examination of the damage mechanism and severity of
et al. numerical response to blast loads, part I: model the bridge tower, pier and deck due to blast loads from
[32] simulations with LS- development and response calculations 1000 kg TNT explosion, which is located at 0.5 m

DYNA

from the bridge tower and pier and to 1 m above the
deck

@ Springer
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authors derived a satisfactory relationship that has been
calibrated further between the peak particle velocity (PPV),
located at a distance of 30 m away from the borehole and
the charge per delay time, in order to design the blast.
Consequently, they presented interesting results that help to
take control of the blast-induced damage of rock mass.

The blast-induced rock mass damage around tunnels has
been assessed by Verma et al. [33]. It is noted that the
empirical correlation used by the authors has been previ-
ously validated against ultrasonic tests performed on rock
core samples. This research team conducted field studies on
five tunnels located in India and Himalaya to study the
generated blast-induced damage, depending on a wide
range of the mass quality (Q) values. Besides, other
parameters involved in the blast-induced damage were
considered in their study, such as the specific charge, the
perimeter charge factor, the maximum charge per delay,
the advancement and confinement factors. One hundred
and thirty three experimental blast results were collected
and analyzed by the authors, in order to develop an
empirical correlation, which is helpful to evaluate the rock
mass damage.

Murmu et al. [20] carried out empirical and probabilistic
analysis of BIGVs. The authors collected 640 blast data,
concerning different rock types from different quarry sites
located in Turkey and India. They validated the accuracy of
the empirical model for peak particle velocity (PPV) that
takes into consideration the burden and maximum charge
per delay. Moreover, this research team performed proba-
bilistic analysis using Monte Carlo (MC) simulations and
they show that the PPV follows a lognormal distribution.
Moreover, BIGV assessment using various estimation
models has been conducted by Ongen et al. [22]. The
authors monitored the results from 22 trial blasts to pro-
duce 39 vibration measurements, which have been recor-
ded at a residential area located at 396 m from the blasting
point. It should be noted that these authors used several
standards to evaluate the harmful effect of vibration, such
as USBM criterion [4], Ambraseys Hendron, Langefors
Kihlstrom and Indian Standards.

Aim of the Research

The main aim of this paper is to develop a two-dimensional
axisymmetric modeling that would approach the experi-
mental results that we achieved on the “Sococim site”
located in Senegal. Firstly, a series of unit trial blast tests
were conducted in the “Sococium cement factory.” The
longitudinal, vertical and transverse velocities’ signals
were recorded on three sites, in particular, the site (a):
“Panel 1 (upper exploitation level),” the site (b): “Con-
veyor belt” and finally the site (c): “Macodo’s house”
which is located at city Castor bargny. Subsequently, a

@ Springer

two-dimensional axisymmetric model was established for
three unit blasts, namely 50 kg, 100 kg and 150 kg
(Table 4); thus, the numerical results were compared to the
experimental results to conclude on the accuracy and
validity of the numerical modeling. The numerical mod-
eling is extremely useful and helps to describe the damaged
zone, at the vicinity of the borehole for different explosive
charges per delay, which helps to calculate the face burden
side and to enhance the blasting design.

Experimental Investigations at the “Sococim
Cement Factory”

Site Description

The site of “Sococim” is located on Senegal (Fig. la),
some thirty kilometers from Dakar. It is situated between
two villages, the commune of “Bargny” in the northwest
and the commune of “Rufisque” in the south (Fig. 1b). On
the “Rufisque” side, the “Gouye Mouride” district is
located at the limit of the factory, more than a kilometer
from the quarry. This workers’ city is built on blue marls
and limestone. The city of “Sococim” is located on the

Bargny side. “Sococim” is relatively close to the blasting

carried out at Panel 1 (about 600 m). The site of “Bargny”

consists of three lithological units that are described as
shown in Fig. 2 (from bottom to top).

1. In depth, a gray homogeneous limestone, formed by
multi-levels with thicknesses ranging from 30 to 60 cm
approximately. Its overall thickness is 8 m. This level
is based on blue marls that form the bedrock of the
deposit. Its average thickness is 10 m.

2. A yellow limestone, which contains silex, with 5 m of
thickness intercalation of limestone and marls. This
level ensures the transition between the aforemen-
tioned limestone level and the surface marl level

3. A level of marls presenting some beds of limestone
that are decreasing toward the east until disappearing

Organic topsoil

1m

Intercalation of marl and yellow limestone

Yellow limestone rich in microfossils

s
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Grey homogeneous limestone rich in microfossils

23m p——

Blue marl

Fig. 2 Geology of the “Sococim cement factory”
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Fig. 3 a “Sococim cement factory.” b, d Drilling of TNT filling inside the boreholes. ¢ “Mini seis” device

4. Finally, on the surface, one meter of organic topsoil

Figure 3a presents the “Sococim quarry,” which is the
subject of the experimental study. In addition, Fig. 3b, d
shows the integration of the explosive in the boreholes by
the operators. Moreover, “Mini seis,” presented in Fig. 3c,
has been used to record the seismic data (vertical,
longitudinal, transverse velocities, displacements and
accelerations). The parameters of a signal that are
measured by a tridirectional seismograph are related to
the characteristics of its sensors. The relative position of
the seismic tridirectional seismograph with respect to the
source determines the azimuth and dip of the seismic ray
emerging at the station; hence, the signal is decomposed
into three components. The tridirectional seismograms
allow to study the polarization’s directions of the seismic
signal in space. In an isotropic homogeneous medium the P
wave is polarized in the direction of propagation, which is
called the longitudinal direction (L). On the other hand, the
S wave can be polarized in two directions perpendicular to
that of the P wave (transverse and vertical) as presented in
Fig. 4. The technical characteristics of this device are
shown in Table 2 [10].

Aim and Methodology
The blasts were made using 105, 115, 165 and 200 mm

diameter drill boreholes with a depth varying between 7.5
and 11 m. Electrical delay detonators were located at the

Air pressure

Minimate
Ground vibrations
J’=Vertical
T=Transverse
L=Longitudinal

The arrows indicate positive and negative ground motion

Event S
represented by waveforms created by the minimate

Fig. 4 Measure of the vertical, longitudinal, transverse velocities by
tridirectional seismograph [1]

Table 2 Technical specifications of “Mini seis” measuring device
[10]

Acquisition 2048 information/lane/second

Storage Storing records on internal memory
Duration of registration 4 s

Triggering seismic
acquisition

By exceeding the minimum threshold of
the sensors

Tridirectional geophones 4.5 Hz electronically corrected at 2 Hz

bottom of the boreholes in order to initiate the blasts. The
boreholes corresponding to the trial blasts (7B) were
charged with “Dynaroc 6 90/3150” and “Nitram TX9
130/5000” (Table 3).

@ Springer
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Table 3 Theoretical parameters of the explosives [3]

Dynaroc Nitram
6 A 9
Gas volume (0 °C/1 At) (L/kg) 893 857
Total mass energy (MJ/kg) 4.5 4.2
Total volume energy (MJ/L) 6.4 5
Detonation pressure (confined) (¢ 80 mm) 13.6 13.5
(GPa)
Detonation temperature (°C) - 2227
Velocity of detonation (m/s) - 6200

The trigger thresholds were set from 0.4 to 2 mm/s
depending on the distance from the detonation point and
the unit load of the explosive that is used. In fact, this
threshold is defined as the lowest value compatible with the
level of ambient vibrations (background noise). Indeed, it
is desirable that the device records only the vibrations
created by the detonation and not by other events, for
instance road traffics, crushers, etc., which could by caused
by the human activities in the surrounding area.

City Gouye
Mouride
Diao house

"

Experimental Results

Experimental measurements were performed on several
sites as it is shown in Fig. 5. Three sites were considered to
validate the two-dimensional axisymmetric numerical
modeling, in particular, the site (a): “Panel 1 (upper
exploitation level),” the site (b): “Conveyor belt” and the
site (¢): “Macodo’s house,” which is located at city Castor
Bargny. The experimental measurement of longitudinal,
vertical and transverse velocities at the considered sites is
shown in Table 4.

Numerical Modeling

AUTODYN is an explicit FEM code, commonly used to
model nonlinear dynamics of solids, fluids, gas and their
interaction [15]. It fact, this software has been widely used,
because of its capability to study the explosion and blasting
problems [40]. Moreover, the AUTODYN'’s material library
is composed of several explosives and the users can define
their associated material properties, for instance, rock
material conveniently.

Panel 2 (upper
exploitation
level)

Panel 1 (lower
exploitation
level)

(a)- Panel 1
(upper
exploitation
level)

Intermediate
point city
Castor

house)

Fig. 5 Location of the considered sites: a Panel 1 (upper exploitation level). b Conveyor belt. ¢ City Castor (Macodo’s house)
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Table 4 Experimental measurement of longitudinal, vertical and transverse velocities at the considered sites

Trial blast ~ Measuring points Measurement ~ Maximal charge  Sensor ID  Velocities (mm/s)
distance (m) per delay (kg) — - -
Longitudinal ~ Vertical ~ Transverse =~ Maximal
Num #1 P1 (upper bearing) 150 50 139 13 13.84 8.25 13.84
Conveyor belt 436 653 5.34 13.97 3.87 13.97
Macodo 540 1318 8.25 7.49 2.79 8.25
Num #2 P1 (upper bearing) 77 100 139 42.67 2591 25.91 42.67
Conveyor belt 469 653 2.48 6.98 2.35 6.98
Macodo 406 1318 6.86 9.27 2.54 9.27
Num #3 P1 (upper bearing) 82 150 139 48.26 39.62 254 48.26
Macodo 455 1318 6.1 8.54 3.43 8.54
Conveyor belt 458 653 2.16 6.35 241 6.35
* Symmetry axis
* Limestone * Stemming 600m
* TNT
* Borehole S 10m * Stemming
symmetry * TNT
*Numerical
100m interface
89m <« *Limestone
part_2
L tone
part_1
—>
100mm
() (b)

Fig. 6 a Three-dimensional section of the quarry field, showing the cutting plane, which divides the TNT borehole in half. b Two-dimensional

axisymmetric section of the quarry field (mmeq(nT))

Figure 6a presents a 3D design of the quarry site. The
explosion of an equivalent weight charge of TNT
(meq(rnT)) 18 located at the middle center of the limestone
field. The quarry site has a diameter of 1200 m and a depth
of 100 m. Given the shape of the limestone field and since
the drilling axis and the axis of the equivalent weight of the
TNT explosive belong to a symmetry plan; thus, it was
decided to conduct two-dimensional axisymmetric numer-
ical studies instead of a three-dimensional study, which
would be very expensive in terms of the computational
time and hardware resources to use in order to validate the
experimental results [5].

The topography of the site is relatively flat; hence, the
topographic survey was not taken into account during the
geometrical modeling (Fig. 6a). Accordingly, the upper
limit of the geometrical model has been designed hori-
zontally. The medium has been considered homogenous
and isotropic. The existing discontinuities (joints, fractures,
bedding plane, etc.) were not taken into account. The
axisymmetric model that has been used to validate the

experimental study and to simulate the propagation of the
blast wave is presented in Fig. 6b. The drilling depth is
11 m, and its diameter is 200 mm. The length of the
explosive (Ltnr) is calculated using Eq. 1.

4m
prg’
where mgqnt) is the equivalent mass of TNT. For
instance, one meter has been used to insert 50 kg of the
equivalent weight of the TNT explosive, having a radius of
100 mm, while 10 m was considered as enough to confine
the explosive with the stemming as shown in Table 5.
AUTODYN was used to create the two-dimensional
axisymmetric model, for the mesh generation, as well as
for the resolution of the physical problem formulation. An
Eulerian domain was first created on AUTODYN, with the
following dimensions 100 x 600 m?2, above which two
Lagrangian fields were defined. The Lagrangian domains

are, respectively, characterized by the following dimen-
sions 100 x 599.90 m?, 89 x 0.1 m? as shown in Fig. 6b.

(1)

Lt =

@ Springer



104

Indian Geotech J (February 2020) 50(1):96-116

Table S Stemming and explosives length corresponding to different
equivalent TNT charges

TNT equivalent charge
per delay (kg)

Length of drilling 11 m/diameter
of drilling 200 mm

Stemming’s Explosive’s
length (m) length (m)
>~ 50 10
=~ 100 9 2
=~ 150 8 3

Subsequently, both of the Lagrangian fields were joined
together to create a single limestone body. Hence, there is a
need to define a numerical interface between these two
solid limestone fields. The interface between the two parts
is numerical, and the relative displacement between them is
zero. The numerical interface is a solid contact zone that
has been created to join the two limestone solid domains.
The advantage of this geometric creation by part is to
generate a structured mesh, on which the size of the
meshing elements can be easily modified.

AUTODYN is convenient to use when it comes to cre-
ating simple two-dimensional geometries, but it has a huge
insufficiency and does not allow the designer to create
more complex geometries, having complicated details. In
addition, the rectangular Eulerian area 11 x 0.1 m? was
filled in two stages: first, to integrate the equivalent mass of
TNT explosive; and second, to confine it by the stemming
material.

Eulerian Formulation

The Navier—Stokes equations, for a Newtonian viscous
fluid, associated with the state equations are integrated in
time with the boundary conditions, in order to provide a
single solution for the flow of the explosion’s products
[23]. A major simplification has been considered in this
numerical analysis, because cracking and water flow were
not taken into account while establishing the numerical
model. It must be emphasized that the time step is divided
into a Lagrangian step and an advection step.

Continuity Equation

Continuity equation is expressed using Eq. 2 [28].

& V() =0 @)

Momentum Equation

Momentum equation is expressed as presented in Eq. 3
[28].

@ Springer

Table 6 Parameters of TNT explosive [2]

EOS JWL

Parameter A (kPa) 3.74E+408
Parameter B (kPa) 7.74E+06
Parameter R1 4.15
Parameter R2 0.9
Parameter W 0.35

C-J detonation velocity (m/s) 6.93E403
C-J energy/unit volume (kJ/m?) 6.00E+06
opv -

E—&-V.(pv@v) =V.g+f (3)

where p is the density, v is the flow velocity vector of the
Eulerian material (air, TNT), f is defined as the vector of
externally applied loads. & is the total Cauchy stress tensor
that is defined in Eq. 4 [28].

G = —pl + uVv + Vv (4)

In Eq. 4, p is the pressure, I is the identity tensor, and p is
the dynamic viscosity.

Energy Equation

The energy equation is expressed in Eq. 5. E is the total
energy, which is the sum of the internal and kinetic ener-
gies [28].

OpE

TRRE V.(Ev)=6:Vv (5)

Jones—Wilkins—Lee (JWL) State Equation of TNT

The state equation of TNT is expressed using Eq. 6. In
addition, the parameters that are used for the JWL state
equation of TNT are presented in Table 6 [14]. V is the
specific volume of TNT, and it is expressed as follows
(v =1,

w w (0]
=All—— e ®V +B(1-——)e ™ +_E
P ( Rlv)e +( sz)e ty

(6)
State Equation of Air Material
The state equation of air is expressed in Eq. 7.
P
p=@—-1)—E (7)

Po

where 7y is the ratio of the specific heats of air material. The
physical properties of air are listed in Table 7.
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Table 7 Physical properties of air [2]

EOS AIR

Parameters Values
Reference density (p,) (g/cm?®) 0.001225
Gamma () 1.4

State Equation of Stemming

The mechanical properties of stemming were based on the
granular material model, implemented into AUTODYN [2].
This material model was developed to describe the com-
paction of a porous material.

The EOS compaction is described by a plastic com-
paction curve, which is given as a piecewise linear curve
with ten points, namely the density as a function of pres-
sure, as shown in Fig. 7a. The solid “asymptote” to this
curve is linear (Egs. 8, 9).

if p= prvp
P=0 (8)
if p > prvp
P =ci(p— prmp) 9)

where pryp 18 the theoretical maximum density (no
porosity left), ¢ is the bulk sound speed of fully compacted
material.

The elastic loading/unloading compaction curve is given
by the density-dependent bulk sound speed, c(p) as
expressed in Eq. 10.

P=cp)p

The density-dependent bulk sound speed, ¢(p), was given
as a piecewise linear curve of ten pairs, as shown in
Fig. 7b.

(10)

Input data for AUTODYN EOS Compaction:
600 1= 5 = 1674.0 [kg/m3], Py = 0

p2 = 1739.5 [kg/m3), P: = 4.577 [MPa)
500 +- p3 = 1873.8 [kg/m3], P; ~ 14.980 [MPa]
pa = 1997.0 [kg/m3], Py = 29.151 [MPa)] /

| ps = 21438 [kg/m3), Ps = 59.175 [MPa]

pe = 2250.0 [kg/m3), P; = 98.098 [MPa]
p7 = 2380.0 [kg/m3), P; = 179.443 [MPa]
T ps = 2485.0 [kg/m3], Py = 289.443 [MPa]
P4 = 2585.0 [kg/m3), Py = 450.198 [MPa)
200 - pun = 2671.3 [ka/m3. Py, = 650.66 [MPa]
Pruo = 2641 kg/m3
;

Pressure, [MPa]
]
Bulk sound speed, ¢, [m/s]

o — |

1650 1750 1850 1950 2050 2150 2250 2350

Density, (kg/m3]

(a)

2450 2650 2660 2750

4500 |- p1 = 1674.0 [kg/m3), ¢, = 265.2 [m/s] [
4000 |- P3 = 2086.3 [kg/m3], ¢ = 1721.7 [m/s]

pa= 21468 [kg/m3], cs = 1875.5 [m/s]
3500 - ps = 2300.0 [kg/m3], cs = 2264.8 [m/s]
3000 |- pr = 2598.0 [kg/m3], ¢; = 3112.2 [m/s]

2600 |- ps = 2641.0 [kg/m3)], s = ¢, = 4634.0 [m/s]

1500 L

P

Lagrangian Formulation (RHT Model)
Equation of State

The equation of state of the Mie—Griineisen form is used to
relate the pressure (p) to the density and the internal energy
(e), for the fully compacted material (Eq. 11).

p(p,e) =Ain + Aan* + Asn® + T'pe

(11)
n="—1

Po (12)

In compression (7 >0) (Eq. 12), the equation of state is
parameterized as a third-order polynomial with the fol-
lowing parameters A;,A;, and Az, while in extension
(1 <0), only a linear dependence on the compression 5
with the same parameter A; is used [2]. In addition, the
path to full compaction has been considered by introducing
a porosity parameter o [7]. Hence, the porosity parameter o
is determined by the initial porosity oy, the compaction
exponent (N) and two limiting pressure values, i.e., the
initial compaction pressure pe; and the solid compaction
pressure peomp (Eq. 13). These parameters determine under
which pressure the pores begin to collapse and when they
are fully compacted, respectively.

N
a:H(am_l)[ppmﬂ]
comp — Pel

(13)

Hereby, I' is the Griineisen parameter, p the current den-
sity, and p, the initial density. By the introduction of the
porosity o and Zmuix a5 an additional state variable, the
compaction of the oggres in the material and the compaction
work that comes along with this permanent deformation
can be included in the equation of state (Eq. 14).

(14)

Figure 8 illustrates this pore compaction path in a
pressure (p) versus density (p) plot. After the initial

p :f(pmatrix7 6) - (porous)p :f(pa> e)

Input data for AUTODYN EOS Compaction

p2 = 17456 [kg/m3), c; = 852.1 [m/s]

pe = 2572.0 [kg/m3], ¢ = 2956.1 [m/s]
ps = 2635.0 [kg/m3), cs = 4600.0 [m/s]

P10 = 2800.0 [kg/m3], cio = ¢, . 4634.0 [m’s]

—

L —

1674 1774 1874 1974 2074 2174 2274 2374 2474 2674 2674 2774 2874
Density [kg/m®]

(b)

Fig. 7 a The plastic compaction curve for pressures. b Input data for the density-dependent bulk sound speed [13]
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pressure p
A

pcomp-

/ matrix
4 materia

-

1 1

Pmatrix

densit; o

Pporous

Fig. 8 Schematic explanation of the pore compaction loading path
and its parameters. The green dashed curve describes the solid
equation of state of the matrix material, which differs from the fully
compacted porous material (solid green line). In blue, two different
compaction paths due to a variation of the compaction exponent N are
displayed [29] (color figure online)

compaction pressure p. is exceeded, the pores collapse
according to the path (blue curves) defined by the
compaction exponent (N) and the solid compaction
pressure peomp- At higher pressures, the green dashed
curve describes the solid equation of state of the matrix
material, which is different from the fully compacted
porous material (solid green line).

Failure Surface
Egs. 15 and 16 define the equivalent stress oeq and the

hydrostatic pressure p as a function of the principal stresses
g1, 02 and a3, respectively, for general load cases.

static

waxial

Oeq :\/% (o1 — 62)2 + (02 — 03)2 + (03 — 01)2] (15)

1
p=—§(01—|—02—|—a3) (16)

The strength model was proposed and developed in
[24-26]. Figure 9a, b shows the three surfaces describing
the elastic limit Y, failure Yg,; and residual shear strength
Yiic of the damaged concrete under confined conditions.

The failure surface Yg,; is described by Eq. 17 and
presented in Fig. 9a, b. The compressive meridian Yiy-(p)
(Eq. 18) describes the pressure dependence for principal
stress conditions (61 <o, — g3) (tensile stresses defined
positive) with parameters A and N. All measures of
hydrostatic pressure and the deviatoric strength are nor-
malized over the uniaxial compressive strength f., when
denoted with (*).

Yrait (p, 0, €) = Yxc (P)R3(0) Frate (€) (17)
for p* > %

Yixe =A(p" — HTL/*)n (18)
for p* <HTL*

Yixc =0 (19)

Rotation of the compressive meridian around the
hydrostatic axis spans the complete failure surface in
stress space. To describe reduced strength on shear and
tensile meridians, it is multiplied with a factor
0, <R;(0)<1. The lode angle 6 describes stress
triaxiality and depends on the third invariant J; of the
stress tensor (Eq. 20). The dimensionless function Rj
(Eq. 21) scales referring to the compressive meridian Ytxc
with R3; <1. The ratio Q, of tensile to compressive

5, uniaxial failure
tension °q compressive ~ %
. ot / surface Ygi
Y S/ uniaxial
% ’
3 S stam
X L
\ P
elastic limit
surface Yo
D, =D g
PP pressure p

(b)

Fig. 9 a Three surface concepts for the concrete strength with hardening, failure and residual friction resistance [6]. b Surface concept for the

concrete strength with failure and residual friction resistance [25]
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meridian decreases with increasing pressure. This effect is
called “brittle to ductile transition” and is described by

Eq. 22.
0s(30) = 3\2/—13 (20)
JZ
R3(0,0,)
2(1 — ©@3) cos(0) + (20> — 1)]
_ | x[(1 = 05) cos?(0) + 503 - 40,] (21)
4(1 = 03) cos?(0) + (1 —20,)°
05<0r =00+ Bp" <1 (22)

The term Frae(€) in Eq. 17 accounts for the rate
enhancement of deviatoric strength. Eqs. 23-32 present an
empirical fit functions for uniaxial tensile and compressive
loading. Strain rate enhancement factors Fgrye between
these limits are linearly interpolated.

In compression

if € <30s~!

S\ O
€

FRale :% - (;) (23)

if ¢ > 30s~!

J% —yek (24)

€0 =30 x 1076571 (25)

o= ! 26
5431 (26)

log(y) =60 — 0.492 (27)

In tension

if €<30s7!

-\ O
FRate :f% - (:()) (28)
t

if ¢ > 30s~!

% :176% (29)
=3 x 105! (30)
C10+1f G1)

log(n7) =76 — 0.492 (32)

Elastic Limit and Hardening

The initial elastic surface Yejagic Of the virgin material is
expressed by Eq. 33. The elastic scaling function Feagic

takes the value fi o /fi. Above f;q/3f; it is equal to f e /fe.
Between these bonds, it is linearly interpolated with respect
to the pressure. fiei,fceo are the elastic tensile and com-
pressive stress, respectively.

The elastic surface is closed consistently with the porous
equation of state toward higher pressures involving pore
compaction using a parabolic cap function F¢,, (Eq. 34).

Between the initial elastic surface and the ultimate
failure surface hardening is described using Eqgs. 35, 36.

Yelastic :YfailFelaslichap (33)
Je
1 PE<pu=73
Fop = AN 34
Cap 1 - (pp—p” ) Pu<P<po 34
0 — Pu
0 P >Po = Pel
epl
Yhard :Yelastic + -3 pl hard (Yfall Yelastic) (35)
€eq
Pl hard (Yfail - YelastiC) ( Gelastic > (36)
eq 3G Gelaslic — Uplastic

Damage Evolution and Residual Surface

When hardening states reach the ultimate strength of the
concrete on the failure surface Yi,; damage is accumulated
during further inelastic loading controlled by plastic strain.
The model by Holmquist et al. [8] is taken as basis for the
evolution law. Eqs. 37 and 38 specify how the plastic
increments are normalized over the effective strain to
failure eggifail. The effective strain to failure is depending on
the hydrostatic pressure p with the shape parameters Dy,
D, and a lower limit efy,;,. The effect of damage is modeled
as a loss in deviatoric strength by interpolating between the
failure surface Yi,; and residual friction resistance surface
Yiic (Egs. 39 and 40).

pl.fail

g 1

0 / o deer (37)
Eg‘lq,hurd 6g(ll,fall (p) €

pl fall(p ) D1 (P* _ HTL*)DZ > efmin (38)

iie =B (39)

Ydumaged :Yfail + D(an'c - Yfail) (40)

All the above input parameters are summarized in Table 8.

Boundary Conditions
The boundary conditions applied to the two-dimensional

axisymmetric model are shown in Fig. 10. The symmetry
axis condition has been applied to the left boundary of the
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Table 8 Standard input parameters of the “RHT concrete 35-MPa”
(AUTODYN [2])

EOS CONC-35MPA (P alpha)

Reference density (g/cm?®) 2.75
Porous density (g/cm?) 2.314
Porous sound speed (m/s) 2.92E4-03
Initial compaction pressure (kPa) 2.33E+04
Solid compaction pressure (kPa) 6.00E+06
Compaction exponent 3.00E4-00
EOS CONC-35MPA (Polynomial)

Bulk modulus Al (kPa) 3.53E407
Parameter A2 (kPa) 3.96E+07
Parameter A3 (kPa) 9.04E4-06
Parameter (I") 1.22
Reference temperature (K) 3.00E+02
Specific heat (J/kg K) 6.54E+02
Strength RHT concrete

Shear modulus (kPa) 1.67E4-07
Compressive strength (f;) (kPa) 3.50E+04
Tensile strength (f; /1) 0.1

Shear strength (fi/f;) 0.18
Intact failure surface constant (A) 1.6

Intact failure surface exponent (n) 0.61
Tens./comp. meridian ratio (Q, ) 0.6805
Brittle to ductile transition (B) 0.0105

G (elas.)/(elas.-plas.) 2

Elastic strength/f; 0.7
Elastic strength/f. 0.53
Fractured strength constant (B) 1.6
Fractured strength exponent (m) 0.61
Failure RHT concrete

Damage constant (D) 0.04
Damage constant (D) 1
Minimum strain to failure 0.01
Residual shear modulus fraction 0.13

limestone field, because of the geometric symmetry with
respect to the (x).

Boundary conditions have been applied to the Eulerian
field as well as to the Lagrangian field. The mechanical
displacements on the bottom and right edges of the
Lagrangian field have been blocked, respectively, along
both of (x) and (y) axes. Moreover, a transmission condi-
tion of the mechanical wave has been applied on the bot-
tom and right boundaries of the Lagrangian field, in order
to avoid their reflection into the rock mass field. Further-
more, an outflow boundary condition has been applied on
the three boundaries of the Eulerian field.

Figure 11 presents the geometric location of the gauges
(numerical monitors) that were used to plot the longitudinal
and vertical velocities recorded experimentally on the

@ Springer

quarry site using a seismograph. Three gauges were defined
on the top border of the Lagrangian field. For instance, the
monitors are located, respectively, with respect to the
symmetry axis at the following distances: 82 m, 455 m and
458 m as shown in Fig. 11c for meqtnt) = 150kg.

Mesh Sensitivity Analysis

The mesh of the limestone and air field have been defined
Lagrangian and Eulerian meshing, respectively [9]. In fact,
this approach is well reviewed and checked in numerical
simulations under AUTODYN [9] or LS-DYNA software
[39]. Figure 12a shows a progressive quadrilateral grid that
has been generated for the Eulerian field, while Fig. 12b
shows a structured quadrilateral grid of the Lagrangian
domain, with an equidistant step of discretization. It is
necessary to define an Eulerian domain in order to simulate
the blast wave. Otherwise, no pressure will be generated in
the Lagrangian field after detonating the explosive. Indeed,
the Eulerian domain ensures the propagation of TNT, as
well as the stemming, which is used for its confinement in
the air.

A progressive mesh must be generated around the
equivalent mass of the explosive, since its propagation
velocity is high. Therefore, a compromise between the time
step and the space step must be ensured to reproduce the
physical phenomenon of detonation and transmission of the
pressure wave toward the Lagrangian field. The total
number of elements that has been generated is 240,089
elements. Concerning the Eulerian domain, the following
discretization has been adopted: 100*1200 divisions, 100
divisions for the horizontal axis and 1200 divisions for the
vertical axis. The first two arrays adjacent to the TNT each
have an edge length along the vertical axis of 100 mm, and
subsequently, a progressive mesh factor is automatically
applied by AUTODYN to discretize the Eulerian domain
along the vertical axis into 1200 divisions.

The horizontal axis of the Lagrangian field has been
discretized by 100 divisions (one cell every 1 m), moreover
it has been meshed along the vertical axis into 1200 divi-
sions (one cell every 0.5 m). It remains to be known that
the numerical part of the Lagrangian domain, which is
collinear with the drilling of the TNT was meshed by 89
divisions (one element every 1 m) along the horizontal axis
and by one meshing element in the vertical direction,
having an edge’s length of 100 mm.

The mesh sensitivity study is an important step in the
numerical studies, because it ensures the independence of
the achieved numerical results with respect to the spatial
discretization [36]. Four grids were assessed during this
mesh sensitivity study, namely G; grid with 60,022 ele-
ments, G, grid with 120,044 elements, G3 grid with
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Fig. 10 Boundary conditions
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Fig. 11 Location of the measurement points regarding the initial position of the TNT borehole. a nqrnt) = 50kg, b neqrnt) = 100kg,

(¢ Meq(TNT) = 150 kg

240,089 elements and G4 grid with 360,134 elements.
Longitudinal PPV has been defined as the convergence
criterion. It is noted that the results that correspond to G3
grid are very close to the results of G4 grid. In fact, a slight
difference of 2% has been noted. However, the difference
between the results of G3 and G, remain greater than 10%.
In addition, it is noted that the damping of longitudinal
velocity signal that not occur for coarse meshes, namely G,
and G mesh grids (Fig. 13). As a conclusion, the mesh that
has been used to carry out the numerical analysis consists

of 240,089 elements divided as previously described
(Fig. 12).

Results and Discussion

Validation of the Numerical Model

Three trial blasts were carried out in this numerical study.
Each trial blast’s borehole has got the following
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Fig. 12 a Eulerian mesh for the air field. b Lagrangian mesh for the limestone field
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Fig. 13 Mesh sensitivity and convergence test results

specifications: a diameter of 200 mm and a depth of 11 m.
The boreholes were filled by 50 kg, 100 kg and 150 kg of
TNT charge starting from their bottom section, which
corresponds, respectively, to 1, 2 and 3 m of the TNT’s
length. The main purpose of this modeling is to reproduce
the orders of PPV at different distances from the blast and
to assess the damaged zone around it.

In this paper, the rock mass was assumed to have the
same mechanical behavior as the concrete, through the
RHT model. This model is characterized by several
parameters that are difficult to adjust. The validation
analysis was achieved by comparing the evolution of lon-
gitudinal (V}) and vertical (V,) velocities as a function of
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(b)

time at different gauges as presented in Figs. 14, 15, 16
and 17.

The calibration was carried out on the elastic properties
of the rock mass. Poisson’s ratio was fixed at v = 0.3 and
Young modulus (E) was calibrated, so that the numerical
results would be in good agreement with the experimental
measurements.  Finally, the retained value is
E =7 x 10" kPa, which implies that K = 5.8 x 10" kPa
and G = 2.7 x 10" kPa.

Based on the previous tuned parameters (K and G), it
has been found that the longitudinal and vertical PPV of the
numerical results are close to those of the experimental
measurements for the equivalent TNT charges
(Meq(rnt) = 150kgand 100kg) at the assessed gauge
points, as it is presented in Table 9 and Figs. 14, 15, 16
and 17.

In addition, the phenomenon of vibration’s damping as a
function of time and the gauges locations is well repro-
duced by the numerical model. In fact, Figs. 14, 15, 16
and 17 show that the damping pattern of the numerical
velocities is in a good agreement with the experimental
measurements. For instance, for a TNT charge of 150 kg
and for the gauge located at 455 m, both of the numerical
and experimental vibrations are damped after approxi-
mately 1.25 s (Fig. 15). The formulation of the RHT model
is able to reproduce a physical damping due to the mod-
eling of dissipative energy phenomena, which is a char-
acteristic of the nonlinear response of the rock related to
the plasticity with hardening and damage. It is worth to say
that even an elastic medium subjected to a brief dynamic
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Fig. 14 Comparison between the numerical and experimental longitudinal (a) and vertical velocities (b) at y = 82m meqrnt) = 150 kg
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Fig. 15 Comparison between the numerical and experimental longitudinal (a) and vertical velocities (b) at y = 455 m for meqrnt) = 150kg

load tends to reach an equilibrium state, which indicates
the effect of other sources of damping. For a linear anal-
ysis, these sources are modeled by an elastic damping, for
example Rayleigh damping (mass and stiffness-weighted
damping) [31]. It is also possible to combine, in the same
analysis, the physical damping from nonlinear modeling
and a global damping from a structural model that takes
into account, without any explicit distinction, many sources
of energy dissipation. However, the global damping from a
structural model has not a clear physical basis, and the

- Num_Gauge @ 455m
Exp_Gauge @ 455m

i T ™ . e
T - — — ——

Vertical velocity (Vv) (mm/s)

Time (s)
(b)

amount of energy they dissipate is difficult to control
during numerical analyzes [11]. In our case, the attenuation
of vibrations induced by the shock wave are well repro-
duced only by using the physical damping of RHT model,
without introducing any additional damping.

The influence of other parameters on longitudinal and
vertical PPV, namely the uniaxial compressive strength
(fo), uniaxial tensile strength (f;) and shear resistance (f;),
has been carried out. For instance, Table 9 presents the
results obtained for different values of the uniaxial
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Fig. 16 Comparison between the numerical and experimental longitudinal (a) and vertical velocities (b) at y = 458 mm for meq(rn) = 150kg
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Fig. 17 Comparison between the numerical and experimental longitudinal (a) and vertical velocities (b) at y = 77 m for meqrnt) = 100kg

compressive strength (f;). It was found that the PPVs val-
ues are very close for an f. ranging from 20 to 100 MPa.
Similar results were found for the other parameters men-
tioned above (f; and f;). In this case, and since the gauges
are located far from the blast, an equivalent elastic model
could be sufficient to reproduce the recorded PPV mea-
surements [18]. However, the energy of the blast should be
dissipated by an elastic damping model, because the rock
mass does not include any physical damping. Nevertheless,
such analysis is not appropriate to predict the modified

@ Springer

properties of the medium (damaged zone around the blast).
In fact, the damage presents for us a major interest, because
it provides useful information regarding the design pattern
of production blasts (a discussion is presented further in the
“Evaluation of the Damaged Zone Around the Blast”
section).

Concerning the temporal distribution, it is difficult to
reproduce the signal’s frequencies. The numerical signal
presents higher dominant frequencies compared to the
experimental signal. This difficulty of reproducing the
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Table 9 Numerical results for different values of the uniaxial compressive strength (f.) and experimental measurements of the longitudinal and
vertical PPV for the gauges located at 82 m, 455 m and 458 m

Gauges located

@ 82 m @ 455 m @ 458 m
Experimental results Longitudinal PPV (mm/s) 48.26 6.1 2.16
Numerical results Longitudinal PPV (mm/s)
fe =20MPa 49.37 6.77 2.5
f. =35MPa 50.09 6.63 2.83
f. =50MPa 51.13 6.8 2.72
f. = 100MPa 51.66 6.91 2.64
Experimental results Vertical PPV (mm/s) 39.62 8.45 6.35
Numerical results Vertical PPV (mm/s)
fe =20MPa 26.82 7.77 7.58
fe =35MPa 26.51 8.48 6.12
fe =50MPa 26.27 7.68 7.72
f. = 100MPa 24.76 7.4 6.94

Table 10 Comparison between the wave detection time using numerical simulations (RHT modeling of rock mass) and using analytical formula

in an elastic medium

Trial blast Maximal charge per Gauge Wave detection time (¢;) using Wave detection time (#;) using Relative
delay (meq(rnt)) (Kg) location (m) analytical formula (elastic numerical simulations (RHT error (%)
modeling of rock mass) (s) modeling of rock mass) (s)

Num #1 50 150 0.03031972 0.03283 8.27
436 0.08812933 0.09996 13.42
540 0.1091510 0.12495 14.47

Num #2 100 77 0.01556412 0.01568 0.74
406 0.08206538 0.09261 12.84
469 0.09479967 0.10731 13.19

Num #3 150 82 0.016574 0.0165 0.45
455 0.091969 0.102 10.90
458 0.09257 0.102 10.17

temporal signal has been encountered in several numerical
studies conducted with AUTODYN and LS-DYNA software
[37, 39)).

Wave Celerity Assessment for the Elastic and RHT
Model

The seismograph is triggered only from a certain threshold
for which the shock wave reaches the measuring points. In
the current case, the threshold corresponds to an interval of
0.4—2 mm/s. However, the numerical simulation is esti-
mating the time duration () that is required to reach these
points. This time duration corresponds to the detection of
the longitudinal wave, which is the fastest. As shown in
Figs. 14, 15, 16 and 17, a shift to the origin (¢ = 0 s) has
been applied to the numerical signal, in order to be com-
pared with the experimental recording. Hence, the wave’s

detection time, which is obtained numerically at the mea-
surement points is not represented in these figures.
Table 10 presents a comparison between the wave detec-
tion time using numerical simulations (RHT modeling of
rock mass) and using analytical formula for the longitudi-
nal celerity (Cr) (Eq. 41) in an elastic medium.

The relative error between the analytical time (#;) and the
numerical time (#;) was evaluated for three equivalent TNT
loads per delay (meq(tnT)) and for three gauges as presented
in Table 10. For the gauges that are within the first 100 m
from the trial blast, the relative error is practically negli-
gible. For instance, for meqnt) = 100kg at the gauge
located at 77 m from the blast, the relative error is 0.74%
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and for (meqrnt)) = 150kg at the gauge located at 82 m
from the blast, the relative error is 0.45%. Otherwise, the
relative error increases with the distance. For instance, for
(meq(tn)) = 50kg at the gauge located at 150 m from the
trial blast, the relative error is 8.27%. It can be concluded
from these results that the velocity propagation of the
shock waves is the same within a linear elastic medium.
The amplified relative error for the gauges, which are
located at a distance greater than 100 m, is purely
numerical due to the mesh grid refinement. It can be con-
cluded that the RHT does not affect the celerity of the
wave, which was slightly equivalent to the wave’s celerity
calculated analytically under the assumption of an elastic
medium.

Evaluation of the Damaged Zone Around the Blast

The performed numerical simulations represent a trial blast
designed with a single borehole without a free face. Fig-
ure 18 presents the damaged zone as a function of the
uniaxial compressive strength (f.). The capability of the
RHT model is to assess the damaged zone around the blast.
It was found that the dimensions of the damaged zone
increase for a decreased mechanical strength parameters of
the rock mass (Fig. 18).

The assessment of the damaged zone remains important
for the extractive industries, because it helps to determine
the dimension of the bench and the amount of the frag-
mented rock, while performing production blasts. Based on
the estimated damaged volume of the rock mass around the
blast, the simulations will help to predict the dimension of
the face burden to design. Hence, such model if useful to

Damage
1
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—0.7

(a) f. = 20MPa
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Fig. 19 Blast pattern parameters

establish the design pattern of the production blast, as
shown in Fig. 19.

Conclusion

An experimental study was carried out at the “Sococim
cement factory,” which is located in Senegal, in order to
measure the three components of the blast-induced ground
vibrations, namely the longitudinal (V)), transverse (Vr)
and vertical (V,) velocity in three specific measuring

20m

(© f. = 100MPa

Fig. 18 Limestone’s damage near the detonation point for f. = 20 MPa, f, = 50 MPa and f, = 100 MPa
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points:  “P1 (Upper exploitation level),” “Macodo’s
house” and “Conveyor belt sites.” Three trial blasts were
conducted using three equivalent TNT charges per delay
(Meq(TNT))» in particular 50 kg, 100 kg and 150 kg.

The special feature of this paper lies in the fact that the
recorded experimental measurements of the trial blast
series were used to validate our suggested two-dimensional
axisymmetric model. The numerical modeling was devel-
oped under AUTODYN software, which is an explicit FEM
code, commonly used to carry out nonlinear dynamics
studies on solids, fluids and their interaction. The RHT
model that was assigned to the rock mass yielded accept-
able numerical results, because the trend of the numerical
longitudinal and vertical velocity signals were similar to
experimental results, although a slight difference was noted
in the distribution of temporal signal’s vibration.

The calibration was carried out on the elastic properties
of the rock mass. Based on the tuned parameters (K and G),
it has been found that the longitudinal and vertical PPV of
the numerical results are in a good agreement with of the
experimental measurements. In addition, the phenomenon
of vibration’s damping as a function of time at the gauges
locations is well reproduced by the numerical model.

It has been found that the RHT model does not affect the
celerity of the wave, which was slightly equivalent to the
wave’s celerity calculated analytically under the assump-
tion of an elastic medium.

Among the major advantages of the RHT model is to
assess the damaged zone around the blast. It has been found
that the dimensions of the damaged zone increase for a
decreased mechanical strength parameters of the rock
mass. Based on the estimated damaged volume of the rock
mass around the blast, the simulations will help to predict
the dimension of the face burden to design. Therefore, the
RHT model is necessary to establish the design pattern of
the production blast.
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