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The characteristics of fragment size distribution caused by blasting operations in
open-pit mines have a direct impact on the economic performance and productivity
of mining companies. In this study, dynamic impact loading tests were carried out
using the Split Hopkinson Pressure Bar (SHPB) system under a constant pressure of
12.5 MPa to investigate the influence of both the edge notch length and its position
relative to the incident bar on the size distribution of fragmented iron ore. By
analyzing the fragmentation distribution characteristics of specimens subjected to
controlled laboratory impact loading, this study focuses on fundamental rock
breakage mechanisms relevant to blasting operations in open-pit iron ore mines,
where the fragmented material classified into three particle size categories: large,
medium, and fine fragments. Based on this classification, the variation in the mass
percentage of fragments with respect to notch length and its position relative to the
incident bar was investigated. Ultimately, within the context of laboratory-scale
fragmentation analysis, an effective range of notch lengths and positions relative to
the incident bar was identified for achieving optimal fragmentation. The results
revealed that a notch length between 0.2 and 0.4 and a notch position between L/2
and 2L/3 from the incident bar (where L equals sample length), produced the most
favorable fragment size distribution. These findings can help link laboratory-scale
fracture behavior to field-scale rock fragmentation considerations and contribute to
a broader understanding of breakage processes in mining engineering.

1. Introduction

Over the years, various investigations have been
carried to predict fragment size using different
methods. The impacts of a combination of different
rock mass properties, blasthole parameters, and
powder factor have been used to predict fragment
size in various studies [1-6]. The rock mass
properties have been given as a rock mass
classification entitle "Blastability index (BI)" that
is the sum of ratings for five rock mass properties
including: rock mass description (RMD), joint
plane spacing (JPS), joint plane orientation (JPO),
specific gravity influence (SGI) and Mohs hardness
(H) [7]. Lilly [7, 8] also used uniaxial compressive
strength (UCS) instead of Mohs hardness. BI
represents the impact of in-situ rock mass
properties on the fragment size of blasted rocks.
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There has been also a problem associated with the
rating of joint plane spacing (JPS) in the BI system
given by Lilly, where the rating of joint plane
spacing (JPS) has a constant value of 20 for a wide
range of JPS between 0.1 to 1 m, a range where
joint spacing occurs in the most cases. Hence, the
role of JPS as an important parameter affecting the
specific charge and the fragment size will be
negligible. In a comprehensive actual large-scale
study in several geomechanical conditions such as
iron ore mine, the real effect of JPS in the
combination of blastability index system on the
fragment size has been adjusted and the JPS ratings
of 20, 30, 40 were found as a better influence of
joint plane spacing for three ranges of 0.1 — 0.2, 0.2
— 0.5 and 0.5 —1.0 m respectively [4]. Hole
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diameter (¢n) or explosive charge per hole (Q) can
also be used to represent the impact of the other
blasthole parameters on rock fragmentation by
blasting, since parameters like burden (B), spacing
(S), stemming (S;), Length of explosive (L) and
bench height (K) have a good correlation with ¢n
and Q, as they increase generally with increasing
onor Q[9, 10].

Considering the above-mentioned studies, it is
evident that the quality of blast-induced
fragmentation is influenced by several factors,
which can be broadly classified into three
categories: mechanical and physical characteristics
of the rock, blasting method, and blasting
parameters [11, 12]. The presence of natural
fractures and discontinuities within iron ore rock
masses causes the fragment size resulting from
blasting operations to be inherently non-uniform.
When the fragmented pieces are either excessively
large or overly fine, this directly impacts
extraction, loading, transportation, and mineral
processing costs. For example, in the Galali iron
ore mine, under a constant blast-induced impact
pressure, the existence of long fractures close to the
blast hole wall significantly increases wave
attenuation. Consequently, the effectiveness of the
blast is reduced, leading to the production of large
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iron ore fragments after blasting. This issue not
only elevates secondary crushing costs but also
complicates the handling and transportation of the
fragmented material (Figure 1a).

Conversely, when the rock mass contains
shorter fractures or fractures located farther from
the blast holes, wave attenuation decreases,
resulting in an increased effective blasting
intensity. Under such conditions, the resulting
fragments become significantly finer, causing
increased energy loss, flyrock, airblast phenomena,
and substantial dust generation (Figure 1b). These
phenomena, in addition to exacerbating
environmental hazards, can have a notable adverse
impact on the mining operational environment and
the operating company’s public image, which
ultimately poses limitations to the sustainable
development of iron ore mines. Both scenarios
substantially  affect the economic  and
environmental benefits of open-pit mining. Hence,
selecting proper blasting parameters and designing
an appropriate blast hole pattern can effectively
mitigate challenges such as increased secondary
crushing costs, difficulties in fragment handling,
and dust pollution caused by suboptimal blasting.
These improvements ultimately enhance the
efficiency of open-pit mining operations.

(b)

Figure 1. Galali iron ore mine: (a) Iron ore block with longer fractures located closer to the blast hole wall, (b)
Iron ore block with shorter fractures located farther from the blast hole wall.

Joints are common geological structures that
markedly influence the mechanical characteristics
and engineering conduct of rocks [13,14].
Furthermore, joints have a substantial influence on
the mechanical response of rocks, stress wave
diffusion, and the fracture mechanism [15-17].
Numerous researchers have previously
investigated the effects of rock masses’ joints on
dynamic mechanical characteristics [18-21] and
damage mechanisms [22-25]. The geometric

parameters of notches primarily consist of notch
roughness, thickness, inclination, and aperture
[26,27]. Walton et al. [28] examined the impact of
pre-existing notches on fundamental rock mass
parameters, including stiffness and peak strength.
The Split Hopkinson Pressure Bar (SHPB) is
the most commonly used technique to investigate
the mechanical and physical properties of materials
under high strain rates [29]. SHPB test is
considered a fundamental part of dynamic impact
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experiments [30], and it is also widely used in blast
engineering applications [31]. The experimental
method involves measuring strain on the
transmitted and incident bars; these measurements
indirectly determine the stress—strain relationship
of the specimen. This method is regarded as a
simple and indirect approach for conducting
dynamic tests [32]. Dai et al. [33] employed the
SHPB device to conduct a detailed investigation
into the efficacy of protective materials in reducing
blast-induced damage to tunnel-surrounding rocks.
Shi et al. [34] employed the Split Hopkinson
Pressure Bar apparatus to examine the destructive
effects of blasts combined with directional shock
absorption on rock specimens. Similarly, Geo et al.
[35] conducted dynamic impact experiments on
rock samples utilizing the SHPB device and
quantified the effective energy consumption
required for rock fragmentation.

Liu et al. [36], through quasi-rock experiments,
examined the influence of joint geometry, joint
number, strain rate loading, the properties and
thickness of infilled materials, and the geometric
proportions of the specimens on the dynamic
compressive strength and fracture behavior of
jointed rock-like materials. Li et al. [37-39], using
SHPB tests on specimens with varying joint
roughness, examined the relationship between
dissipated energy and the fractal dimension of
jointed samples. In addition, Li et al. [40] examined
the influence of strain rate and joint inclination on
the failure pattern, energy transmission, and energy
dissipation law in quasi-rock materials. Yang et al.
[41] and Zhang et al. [42] also employed SHPB
testing on quasi-rock materials to examine the
impact of joint thickness on the dynamic properties
of rocks. Ping et al. [43] studied the dynamic
mechanical characteristics of sandstone specimens
containing  pre-existing joints at different
inclinations, finding that the most complex fracture
geometry occurred at a joint angle of 45°. Wang et
al. [44,45] explored the influence of pre-existing
notch angles on energy dissipation and wave
characteristics in quasi-rock materials.

Du et al. [46] investigated the influence of joint
length on the mechanical characteristics of
sandstone through high-strain-rate testing with the
SHPB apparatus. Their findings revealed that the
presence of joints in sandstone leads to an
increased plastic deformation ratio in the stress—
strain curve. Studies [47-50] comprehensively
examined the influence of water content and strain
rate during dynamic compression tests on both dry
and saturated rocks, with a focus on mechanical
characteristics and the crack propagation
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mechanism. Zhao et al. [51] studied the mechanical
characteristics, energy dissipation properties, and
failure mechanisms of jointed rock specimens
containing pre-existing joints at various angles.
You et al. [52] performed dynamic tests on
sandstone specimens containing pre-existing joints
under varying strain rates and determined that both
dynamic strength and energy absorption density
increase with increasing strain rate. Malachi et al.
[53] examined the effects of increasing strain rate
under dynamic compressive loading, revealing that
higher strain rates lead to greater joint surface
development and increased specific fracture energy
during the rock failure process. By converting these
findings  into  dimensionless  engineering
parameters, the results can be utilized for
optimizing rock breakage and reducing energy
consumption and loss. Yan et al. [54] analyzed the
influence of strain rate on the dynamic behavior of
jointed rocks subjected to high-velocity loading,
showing that increased strain rate results in
enhanced fracturing and higher energy dissipation
density. Yin et al. [55] investigated the effects of
dynamic impacts on rocks with varying bridge
lengths and moisture conditions, revealing that
both moisture content and rock bridge length
considerably affect the dynamic compressive
strength, Young's modulus, and energy absorption
density.

In recent years, extensive research has
investigated the influence of notch length on the
dynamic behavior and fragmentation process of
rocks. However, only a limited number of studies
have simultaneously considered the combined
effects of notch length and various notch positions
relative to the incident bar, particularly under
conditions representative of open-pit iron ore
mining. To address this research gap, the present
study conducted high-strain-rate impact testing
using the Split Hopkinson Pressure Bar apparatus
on iron ore specimens containing pre-existing non-
persistent edge notches with varying lengths and
positions relative to the incident bar. The
experimental results were used to evaluate dynamic
mechanical characteristics, failure patterns,
fragmentation distribution, and fractal dimension.
The main objective of this research is to examine
the effects of notch length and position on the
dynamic behavior and fragment size distribution of
the fragmented iron ore. The findings provide a
critical scientific basis for improving blasting
parameters in open-pit iron ore mining operations.
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2. Materials and Methods
2.1. Specimen Collection and Preparation

The iron ore specimens employed in this study
were obtained from the Galali open-pit iron ore
mine located in Kurdistan Province. All specimens
were cored from a single iron ore block to ensure
material homogeneity (Figure 2). Using a core
drilling machine, cylindrical specimens with a
height and diameter of 22 mm were prepared.
During the specimen preparation process, the top
and bottom surfaces were carefully ground using a
precision grinding machine and subsequently
polished with silica powder. All preparation
procedures strictly followed the standards set by

i S

2.2. Instruments and equipment

As shown in Figure 4, a Split Hopkinson
Pressure Bar (SHPB) apparatus with a bar diameter
of 25 mm, located in the Strength of Materials
Laboratory at Bu-Ali Sina University, Hamedan,
was employed for the experiments. This system
comprises four main components: the loading
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the International Society for Rock Mechanics
(ISRM).

The flatness of the specimen ends was
controlled within 0.02 mm, and the deviation from
perpendicularity of the end surfaces was limited to
a maximum of 8 degrees. A 3 mm-thick diamond
wire saw was used to create non-persistent edge
notches in the specimens. In total, nine specimens
with notch inclination angles of zero degrees were
prepared, incorporating three different notch
surface-to-total shear surface ratios of 0.2, 0.4, and
0.6, and three different notch positions relative to
the incident bar, which were positioned at L/3, L/2,
and 2L/3 of the specimen height (Figure 3).

‘ -

Figure 3. prepared specimens for SHPB tests

system, the pressure bar system, the energy
absorption system, and data analysis and
acquisition system. The specimens are placed
between the transmission and incident bars. The
loading system serves provides the driving force
and generates the compressive wave throughout the
entire setup. It consists of a compressed-air
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reservoir, a pressure gauge, and a striker bar. For
the present experiments, a gas pressure of 12.5
MPa was selected, which adequately fulfills the test
requirements. The striker bar, made of 40Cr alloy
steel, has a diameter of 25 mm and a length of 500
mm.

The pressure bar system consists of
transmission and incident bars, both fabricated
from the same material as the striker bar. Each of
the transmission and incident bars measures 2000
mm in length and 25 mm in diameter. The bars have
a density of 7850 kg/m?, an elastic modulus of 210
GPa, and a longitudinal wave speed of 5180 m/s.

Damper Strain Gauges

Transmitted Bar

Specimen
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The energy absorption system is designed to
dissipate the residual energy in the transmission bar
and consists of an absorbing bar and a buffer unit.
The data acquisition and analysis system record the
transmitted, reflected, and incident wave signals
through a data logging system. To extract the
mechanical characteristics of the rock specimens,
two data processing steps are required: first,
filtering the raw signals to eliminate noise, and
second, calculating the specimens' dynamic
properties.

Striker Bar Air Gun

Damper

Pulse Shaper Air Gun

Firing Chamber

Figure 4. Photograph and schematic of the SHPB apparatus

2.3. Test Method

During the experiment, the striker bar is
propelled by compressed gas and impacts the
incident bar, initiating a compressive wave. This
compressive wave then propagates along the
incident bar toward the specimen. Upon reaching
the specimen—bar interfaces, the compressive wave
is partially transmitted into the specimen and
partially reflected. Multiple transmissions and

reflections arise at the interface of the specimen
and bars, inducing high strain-rate deformation in
the specimen. Simultaneously, a segment of the
compressive wave is reflected back toward the
incident bar, while another portion is transmitted
through the iron ore specimen and enters the
transmission bar, forming the reflected and
transmitted wave signals, respectively. These
signals are recorded by strain gauges mounted on
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both the transmission and incident bars, allowing
for the measurement of the incident (g;), reflected
(er), and transmitted (er) strains in the specimen.

Based on the guidelines provided by the ISRM
for dynamic mechanical testing of rocks, an
effective test must fully establish dynamic stress
equilibrium conditions:

(D

o1 and o2 represent the stresses exerted at both
ends of the rock specimen, respectively. That is to
say, all points within the specimen must meet the
following stress equilibrium condition:

g(t) + &g (t) = er(t) )

where & (t), €g(t), er(t) denote the incident,
reflected and  transmitted wave  strains,
respectively.

Furthermore, the validity and reliability of the
SHPB test primarily rely on the assumptions of
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uniaxial stress wave propagation and stress
uniformity inside the specimen. Therefore, before
performing dynamic impact tests, it is essential to
verify that stress equilibrium is established stress
equilibrium throughout the loading process to
guarantee the precision of the obtained data [56].

The dynamic stress equilibrium condition was
assessed by analyzing the transmitted, reflected,
and incident wave signals acquired from uniaxial
dynamic compression test to verify the reliability
of the testing apparatus. As depicted in Figure 5,
the stress-time curves corresponding to the incident
wave (In), transmitted wave (Tr), and reflected
wave (Re) are shown. The sum of the reflected and
incident strains coincides with the transmitted
strain, indicating that the specimen-maintained
stress equilibrium during the dynamic loading
process.

400
300 A o
7~ DNy
’ ~
200 A J e
! ‘\\
’ S
100 - /! S
] S~o
U S
_’ Seo
0 == = =
\ -
100 -
\ P ~
200 A
\\ -
/ — -=]n
300
\ 7 e
-400 ~ — Tr
— = In+Re
-500 T T T T T
0 50 100 150 200 250 300
Time (us)
(b)

Figure 5. Investigation of dynamic stress equilibrium in iron ore specimens with varying notch lengths and
positions relative to the incident bar: (a) notch surface/ total shear surface = 0.6 and notch position / specimen
length = L/3 (S3); b) notch surface/ total shear surface = 0.6 and notch position / specimen length = 2L/3 (S9).

As a result, the dynamic compressive strength
and strain of the tested samples were determined
using the three-wave analysis method. The
corresponding equations are presented below:

_PtP _AE L _AE

ias— 245 _2A5(£I €r gT)_ASST

Co (* 2C, [t
£=—f (g —eg—ep)dt = ——f egdt  (3)
1 LO 0 LO 0
G 26
t €= Lo (e1—e&r—¢r) = Ly &R

where o5 denotes the stress applied to the

specimen, Ag corresponds to the specimen’s cross-
sectional area, and L, indicates its original length.
Based on these parameters, the stress—strain curve

of the specimen at the strain rate € can be calculated
and extracted.

3. Results
3.1. Stress—Strain Curve

Utilizing the transmitted, reflected, and
incident wave data, the stress—strain curves of
each iron ore specimen under dynamic
compressive loading were derived using the
three-wave analysis method. Figure 6 presents
the stress—strain curves of the specimens under
dynamic compressive loading at a constant
strain rate, considering different notch lengths
and positions relative to the incident bar. The
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results indicate that, under identical loading
circumstances, the peak stress in the stress—
strain curve increases as the notch length
decreases and the notch distance from the
incident bar increases.

The stress—strain curves can generally be
categorized into four stages: (I) compression of
cracks, (II) linear deformation of the rock, (III)
rock yielding, and (IV) final fracture of the rock. In
the first stage, known as crack compression,
naturally existing microcracks and fractures in the
microstructure of the iron ore specimens begin to
close as the compressive load is applied. During the
second phase, known as the linear deformation
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dynamic elastic modulus of the specimen. In the
third phase, as the stress increases, the stress—strain
curve gradually deviates from linearity and enters
the yielding region. During this phase, localized
fractures begin to propagate within the specimen;
cracks coalesce and eventually result in the growth
of primary cracks and the initiation of new cracks.
The fourth stage begins once the maximum stress
is reached, where stress suddenly reduces,
indicating the onset of the specimen’s final failure
process. The stress—strain behavior in this stage is
strongly influenced by the notch length and
position within the specimen, and its variations can
serve as indicators of the material’s strength and

) . . failure mechanisms under dynamic loading
region, the stress—strain curve increases almost tuati
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Figure 6. Dynamic stress—strain curves of rock specimens with different notch lengths and positions relative to
the incident bar: (a) notch position / specimen length = L/3 and notch surface/ total shear surface = 0.2, 0.4 and
0.6; (b) notch position / specimen length = L/2 and notch surface/ total shear surface = 0.2, 0.4 and 0.6; (c) notch

position / specimen length = 2L/3 and notch surface/ total shear surface = 0.2, 0.4 and 0.6.
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3.2. Dynamic Compressive Strength

Dynamic compressive strength is a critical
parameter for evaluating the mechanical
characteristics of rocks under high strain rate
loading. Figure 7 depicts how the dynamic
compressive strength of iron ore specimens varies
with different notch lengths and positions relative
to the incident bar. It is evident that, when the notch
length is held constant, the dynamic compressive
strength of the specimens increases in an almost
linear manner as the notch distance from the
incident bar increases. This phenomenon is mainly
due to the fact that when the notch is positioned
farther from the wave entry source (incident bar),
the compressive wave travels a longer distance
within the specimen before reaching the notch. As
a result, less energy is reflected at the notch,
allowing a greater portion of the incident wave
energy to be absorbed by damage mechanisms,
including crack propagation, fragmentation, and
internal structural failure of the specimen. This
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results in a significant improvement in the dynamic
compressive strength of the specimen under these
conditions.

Also, when the notch position relative to the
incident bar is held constant, the dynamic
compressive strength of the specimens decreases
linearly with increasing notch length. This
phenomenon happens because, as the notch length
increases, the extent of discontinuities along the
wave  propagation path also  increases.
Consequently, the impact wave interacts with a
larger discontinuity surface, leading to significant
reflection and scattering of the incident wave
energy. Additionally, internal friction between the
notch surfaces increases, causing a greater portion
of the energy to be dissipated as heat and localized
deformation along the notch interface. Overall,
longer notches act as more effective barriers to
dynamic energy transmission, resulting in reduced
energy transfer to the intact regions of the specimen
and ultimately mitigating the extent of failure and
crack propagation.

0 0.2 0.4 0.6 0.8

Notch surface/ Total shear surface

(b)

Figure 7. Dynamic compressive strength and corresponding fitted curves for specimens subjected to variations in
notch length and position relative to the incident bar: (a) different notch positions; (b) different notch lengths.

3.3. Dissipated Energy

In dynamic experiments, the entire system
operates in accordance with the principle of energy
conservation. In the Split Hopkinson Pressure Bar
(SHPB) test, the total system energy can be divided
into four main components: the incident energy
(Uy), the transmitted energy (Ur), the reflected
energy (Ur), and the energy delivered to the
specimen, referred to as the specimen's absorbed
energy (Us):

A,C,

(u > _ 2

i Upt) = f”l (t)dt AOCOEfgl (t)dt
{iu o3 (t)dt = AyCE feﬁ(t)dt (‘;
\

Ur(t) _A C f ag2(t)dt = A,C Efe%(t)dt

where E, Co, and Ao denote the elastic modulus,
the velocity of the longitudinal wave, and the cross-
sectional area of the incident bar (or transmission
bar), respectively. Based on the principle of energy
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conservation, the energy absorbed by the specimen
(Us) can be expressed as:

Us=U; — (Ur+Ur) %)

Earlier research has demonstrated that the
majority of the energy input to the specimen,
particularly under dynamic loading conditions, is
consumed by internal processes such as
deformation, the onset and growth of cracks, and
eventual failure. It has been reported that
approximately 95% of the total energy imparted to
the specimen is dissipated within it [57]. Therefore,
the energy absorbed by the specimen may be
regarded as a valid approximation of the dissipated
energy (Uq):

Uy = Us (6)

Figure 8 illustrates the changes in the dissipated
energy of the specimens as a function of different
notch lengths and positions relative to the incident
bar. The findings reveal that, under consistent
loading conditions, the dissipated energy in the
specimens increases approximately linearly with
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decreasing notch length and increasing notch
distance from the incident bar.

Based on the experimental findings and
analyses, it is observed that when the notch length
is held constant, increasing the notch distance from
the incident bar results in the stress wave traveling
a longer path inside the specimen before reaching
the notch. This extended wave propagation path
reduces the initial energy loss due to reflection at
the notch, resulting in a greater portion of the
incident wave energy being used for crack
propagation and causing more severe damage to
the specimen’s internal structure. Ultimately, this
phenomenon leads to increased energy dissipation
through localized failure processes, crack
extension, and final specimen fracture.

Conversely, when the notch position relative to
the incident bar is held constant, increasing the
notch length leads to a significant decrease in the
specimen’s resistance to fracture. In other words,
longer notches possess a lower capacity for
absorbing the applied energy; consequently, the
quantity of energy absorbed in by the specimen
decreases, leading to a more rapid failure process.
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Figure 8. Dissipated energy of the specimens and their fitted curves under the influence of notch length and
position relative to the incident bar: (a) different notch positions; (b) different notch lengths.

3.4. Dynamic Compressive Strength versus
Dissipated Energy

Dynamic compressive strength is a critical
parameter for describing the mechanical
characteristics of rocks under high strain-rate
loading and serves as a key indicator to assess the
extent of damage and failure in rock materials.
Additionally, rock fragmentation has a direct
influence on the amount of energy dissipated
within the specimen. Therefore, dynamic

compressive strength can serve as a criterion for
describing and predicting the energy dissipated in
rock materials. As shown in Figure 9, the dissipated
energy increases with increasing dynamic
compressive strength, following a distinct trend.
The equation below, derived from fitting the
experimental results, represents the correlation
between the dynamic compressive strength and the
dissipated energy in the iron ore specimens:
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where Ug refers to the dissipated energy and ¢
stands for the dynamic compressive strength.
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Figure 9. Dissipated energy versus dynamic compressive strength: (a) different notch positions; (b) different
notch lengths.

Throughout the failure process, the rock must
continuously absorb energy to create the necessary
conditions for the initiation and propagation of
internal cracks. When the absorbed energy attains
a critical threshold, failure occurs; the rock sustains
damage, and some of the energy is dissipated. This
point typically coincides with the specimen
reaching its dynamic compressive strength. For a
rock with a defined level of internal damage
subjected to a given external force, the energy
required to reach the predetermined failure
threshold is fixed. Therefore, it can be concluded
that there is a significant and systematic correlation
between the absorbed energy and the dynamic
compressive strength of the rock, which could
serve as a fundamental basis for analyzing the
mechanical properties of rock under dynamic
loading conditions.

3.5. Failure Pattern of Specimen

Figure 10 illustrates three specimens containing
non-persistent edge notches, each with a notch
angle of 0, located at a distance of L/3 from the
incident bar, and having notch surface-to-total
shear surface ratios of 0.2, 0.4, and 0.6.
Examination of the fracture surface of specimen S1
indicates the formation of an irregular failure cone
at the impact site. The maximum depth of this cone
was measured to be 4.4 mm, corresponding to 0.2
times the specimen height (22 mm). At the location
of the cone formation, shear cracks developed, as
evidenced by the observation that the bottom
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surface of the cone was rough and undulated,
containing angular fragments, characteristic of
shear fractures. Also, tensile cracks propagated
vertically relative to the specimen axis at the lower
part of the cone and connected to the specimen’s
bottom surface. The fracture surfaces resulting
from these tensile cracks were smooth and
polished, which is a typical feature of tensile
fractures. Beneath the failure cone, irregularly
shaped blocky chips were formed. Additionally,
large-scale shear cracks originated from the notch
tip and propagated obliquely at an angle of 65
degrees relative to the vertical axis, extending
opposite to the y-axis direction and connecting to
the specimen’s end. Blade-shaped conical chips
formed along the specimen’s wall, while smaller
fragments developed in the central region,
extending from beneath the cone to the top of the
lower wedge-shaped section. The height of the
blade-shaped conical region was estimated to be
approximately 0.75 times the specimen height. The
size of the fragments beneath the blade-shaped
cone gradually decreased toward the specimen’s
end.

Furthermore, the fracture surface analysis of
specimen S2 reveals that four primary radial cracks
originated from the top surface and branched
toward the specimen’s lateral boundaries. These
cracks propagated through the entire specimen
height and connected to the bottom surface.
Additionally, the presence of foliation planes in the
specimen induced stress concentration, leading to
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the formation of tensile cracks along these
discontinuities. Incomplete blade-shaped conical
chips are also clearly visible along the specimen’s
lateral wall. Moreover, large-scale shear cracks
extended obliquely from the notch tip at an angle
of 55 degrees relative to the wvertical axis,
propagating opposite to the y-axis direction and
connecting to the specimen’s end.

In specimen S3, fracture surface analysis
reveals that four primary radial cracks, shaped like
an hourglass or an X, originated from both ends of
the specimen and branched toward the side
boundaries. The fracture surface examination
indicated the presence of small-scale shear cracks
beneath the striker, which were clearly visible.
Large-scale shear cracks also propagated from the
notch tip, growing obliquely at an angle of 46
degrees relative to the vertical axis, extending
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opposite to the y-axis direction and connecting to
the specimen’s end. Due to the considerable notch
length in this specimen, wave attenuation was
significant to the extent that the impact energy did
not transmit to the lower parts of the notch,
resulting in the formation of a large-scale wedge in
the upper section of the specimen. Similar to
previous configurations, the shapes of the
fragments formed along the specimen’s boundaries
exhibited blade-shaped conical geometries, with
their sizes gradually decreasing from the impact
site toward the specimen’s end. Examination of the
notch surface showed no damage to the lower
surface of the notch, with no cracks observed in this
region. Under these conditions, the upper regions
of the notch primarily experienced shear failure,
while the lower regions were predominantly
subjected to tensile failure.

P

Figure 10. Failure patterns of specimens with a notch inclination angle of 0" and a notch position at L/3 of the
specimen length relative to the incident bar: (S1) notch surface/ total shear surface = 0.2; (S2) notch surface/
total shear surface = 0.4; (S3) notch surface/ total shear surface = 0.6.

Figure 11 illustrates three specimens containing
non-persistent edge notches, each with a notch
angle of 0, located at a distance of L/2 from the
incident bar, and having notch surface-to-total
shear surface ratios of 0.2, 0.4, and 0.6. The
fracture surface analysis of specimen S4 reveals the
formation of branched or multi-pronged cracks.
The study shows that shear cracks initiated beneath
the striker and propagated obliquely up to about 0.5
mm. Additionally, other shear cracks with rough
surfaces originated from the specimen’s top surface
at an angle of 69 degrees relative to the vertical axis

11

and extended to the notch. This crack propagation
pattern resulted in the formation of a rock wedge.
In this configuration, irregular blocky wedges
formed around the specimen, with their size
reducing as the distance from the impact site
increases. The central wedges on the upper and
lower faces of the specimen are approximately
equal in size, indicating the validity of the results,
as the specimen’s symmetry about the central notch
led to the formation of similarly sized wedges on
both surfaces.
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Subsequently, the fracture surface analysis of
specimen S5 indicates the formation of branched
cracks on both the upper and lower faces of the
specimen. In the region beneath the striker, the
cracks are predominantly shear in nature and have
propagated up to approximately half a millimeter.
These shear cracks produced pulverized material
and rough surfaces along the specimen’s upper
wall. From the specimen surface, shear cracks
developed obliquely at an angle of 61 degrees
relative to the vertical axis, extending toward the
notch tip and eventually connecting with each
other. This progression led to the formation of a
rock wedge on the specimen’s upper surface. The
stress transmitted from the tip of the upper wedge
to the lower notch surface caused the development
of a shear wedge on the specimen’s bottom surface.
At the interface between these two wedges,
pulverized material and fine fragments with rough
surfaces were observed, indicative of shear failure
in this region. Around the specimen, incomplete
blade-shaped conical wedges were also formed,
with the size of these fragments gradually
decreasing from the specimen’s front to its end.

Therefore, the fracture surface analysis of
specimen S6 reveals the presence of four main
cracks arranged in a pattern resembling an
hourglass or an X shape, branching out on both
ends of the specimen. A detailed examination of the
fracture surface indicates that small-scale shear

Figure 11. Failure patterns of specimens with a notch

inclination angle of 0’ and a notch position at L/2 of the
specimen length relative to the incident bar: (S4) notch surface/ total shear surface = 0.2; (S5) notch surface/
total shear surface = 0.4; (S6) notch surface/ total shear surface = 0.6.
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cracks formed beneath the striker and propagated
obliquely over a distance of approximately three
millimeters. Additionally, large-scale shear cracks
originated from the tip of the pre-existing notch and
extended toward the specimen’s end at an angle of
approximately 58 degrees relative to the vertical
axis, eventually connecting to the specimen
boundary. Due to the considerable notch length,
wave attenuation significantly increased, such that
the impact energy did not transmit to the lower
regions of the notch. This resulted in the formation
of large-scale rock wedges in the upper region of
the specimen. Consistent with previous
configurations, the fragments formed along the
specimen edges exhibited blade-shaped conical
wedges, with their dimensions gradually
decreasing from the impact site toward the
specimen’s end.

Overall, the generated fragments, particularly
the central fragment in the lower region of the
specimen, exhibit larger dimensions compared to
other central fragments extending in different
directions. Furthermore, the examination of the
notch surface reveals that no damage or cracking
has propagated to the lower surface of the notch.
Therefore, the upper regions of the notch
predominantly  experienced  shear  failure
mechanisms, while the downstream lower regions
primarily underwent tensile failure mechanisms.

. . ‘-‘.



Mohammadi Bolbanabad et al.

Figure 12 illustrates three specimens containing
non-persistent edge notches, each with a notch
angle of 0", positioned at a distance of 2L/3 from
the incident bar, and having notch surface-to-total
shear surface ratios of 0.2, 0.4, and 0.6. The
fracture surface examination of specimen S7
reveals three primary radial cracks originating from
the specimen center and extending toward its
lateral boundaries at approximately 120-degree
angles relative to each other. Additionally,
branching cracks originate from the tips of the main
fractures. The presence of irregular blocky
fractures on the specimen walls is notable. The
rough surfaces formed on the specimen walls
indicate the presence of shear cracks. The chip
formed on the lower surface of the specimen
exhibits a blade-shaped conical geometry with a
smooth and polished surface. The smoothness and
polished of the chip surface indicate the occurrence
of tensile fracture in this region.

Also, the fracture surface analysis of specimen
S8 indicates that the branching cracks
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predominantly extend on the upper surface of the
specimen, whereas four intersecting cracks have
formed on the lower surface. Additionally,
secondary branches have propagated from the tips
of these main cracks. In this configuration,
incomplete blade-shaped conical fractures are
observed along the specimen boundaries. It is
noteworthy that shear cracks have also developed
in the region beneath the striker.

Subsequently, the fracture surface analysis of
specimen S9 reveals that tensile branching cracks
have formed at the center of the specimen’s surface
and have propagated radially outward in a
branched pattern. On the opposite surface,
branching cracks also exhibit radial growth.
Additionally, circumferential cracks are observed.
Here, circumferential cracks refer to those that
develop in a circular pattern around the specimen,
while radial cracks are those emanating from the
specimen center. In this configuration, blade-
shaped conical fractures have formed along the
specimen boundaries.

i

Figure 12. Failure patterns of specimens with a notch inclination angle of 0" and a notch position at 2L/3 of the
specimen length relative to the incident bar: (S7) notch surface/ total shear surface = 0.2; (S8) notch surface/
total shear surface = 0.4; (S9) notch surface/ total shear surface = 0.6.

By comparing the specimens presented in
Figures 10, 11, and 12, it can be concluded that
when the notch position relative to the incident bar
is held constant, an increase in notch length leads
to the formation of larger intact rock blocks. This
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can be attributed to the greater wave attenuation
caused by longer notches, which reduces the
transmitted wave energy and consequently leads to
less fragmentation. The fragments resulting from
failure around the specimens transition from
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irregular blocky shapes to incomplete blade-like
cones, and eventually to complete blade-like cones
as the notch length increases. In other words, it can
be argued that increasing the notch length weakens
the impact wave energy, resulting in less wave
energy to reach the lower part of the notch. This
reduction leads to decreased fragmentation and the
formation of larger rock fragment sizes.

Conversely, in specimens with shorter notches,
a greater fraction of the wave energy is transmitted
to the lower notch region, resulting in increased
fragmentation and, consequently, the production of
smaller fragments. Fracture surface analysis
revealed that the number of shear and tensile cracks
in the specimen with a 0.2 notch length is
significantly higher than in the specimen with a 0.6
notch length. This phenomenon is attributed to
greater wave attenuation in specimens with longer
notches. As wave energy decreases, peripheral
fractures mainly compressive in nature and
requiring substantial energy to form are reduced.
From the observed failure patterns associated with
the notches, it can be inferred that increasing notch
length reduces the angle of the fracture cone
surface compared to that of the vertical axis, while
simultaneously increasing the height of this cone
beneath the notch. Concurrently, as notch length
increases, the degree of fragmentation decreases,
and the resulting fragments tend to be larger in size.

Additionally, by comparing specimens with
identical notch lengths, it can be observed that
increasing the distance of the notch position from
the incident bar leads to a reduction in the size of
the failure fragments surrounding the specimen and
an increase in the angle of the fracture cone surface
compared to that of the vertical axis. Also, the
dimensions of the resulting rock fragments
decrease, indicating an increase in fragmentation.
This phenomenon occurs because, when the notch
is positioned closer to the impact point, a larger
portion of the stress wave energy is dissipated
throughout the initial stages, leaving only a small
fraction to be transmitted to the regions beneath the
notch. Consequently, the amount of fracturing in
the lower part of the notch decreases, leading to the
formation of larger rock blocks and the
development of a fracture cone in the area below
the notch.

Conversely, as the notch distance from the
striker impact point increases, the stress wave
induces damage and fragmentation in the upper
regions of the rock before reaching the notch
location. The remaining portion of this wave,
having passed through the rock area opposite the
notch, is transmitted to the lower section of the
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notch and causes its failure; however, in this
scenario, a fracture cone does not form. The main
reason for the absence of a fracture cone is the
limited thickness of the rock section beneath the
notch, which causes the transmitted stress wave to
be completely attenuated within this region,
leading to the overall failure of the entire rock
section below the notch. Ultimately, regardless of
notch length or its distance from the incident bar,
the observed fracture pattern in the specimens
consistently exhibits an X-shaped configuration.

3.6. Properties of the distribution of impact
fracture fragments in iron ore specimens

The fragmentation characteristics of the iron ore
samples were evaluated using the direct sieving
technique. As illustrated in Figure 13, the sieves
used in this study had mesh sizes with apertures of
22, 12.5, 4.76, 4, 2.38, 1.68, 1.41, and 1 mm.
Accordingly, the fragments resulting from the
sample comminution were classified into eight size
groups: 22 to 12.5 mm, 12.5 to 4.76 mm, 4.76 to 4
mm, 4 to 2.38 mm, 2.38 to 1.68 mm, 1.68 to 1.41
mm, 1.41 to 1 mm, and smaller than 1 mm. This
classification considers the 22 mm size as
representing the intact iron ore sample prior to
comminution. These eight groups were assigned
particle size indices i = 1, ..., 8 in ascending order
of size.

The samples obtained from the experiments,
consisting of fragmented pieces with different
notch lengths and positions relative to the incident
bar, were classified using standard sieves, and the
mass of each size fraction was measured
individually. The results are presented in Figures
14 to 16. In each chart, the first row represents
gradations i = 1 to 4, arranged from right to left,
whereas the subsequent row represents the
gradations i = 5 to 8, also arranged from right to
left.

In general, the results indicate that with
decreasing notch length and increasing its distance
from the incident bar, the mass percentage of
fragments with large diameters reduces, while that
of fine fragments increases significantly. This trend
reflects an intensification of fragmentation severity
in the iron ore samples under these conditions. In
other words, a shorter notch leads to greater stress
concentration at the tip of the crack, triggering
failure, whereas increasing the notch distance from
the incident bar allows the stress wave more time
to propagate and distribute energy throughout the
specimen. This, in turn, activates a broader range
of fracture mechanisms and promotes the
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propagation of secondary cracks in various regions. larger volume of fine particles generated during the
Collectively, these two factors enhance the damage failure process.
extent and fragmentation intensity, resulting in a
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Figure 14. Characteristics of fragmented pieces from iron ore specimens with a notch position at L/3 of the
specimen length relative to the incident bar and different notch lengths: (S1) notch surface/ total shear surface =
0.2; (S2) notch surface/ total shear surface = 0.4; (S3) notch surface/ total shear surface = 0.6.
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Figure 15. Characteristics of fragmented pieces from iron ore specimens with a notch position at L/2 of the
specimen length relative to the incident bar and different notch lengths: (S4) notch surface/ total shear surface =
0.2; (S5) notch surface/ total shear surface = 0.4; (S6) notch surface/ total shear surface = 0.6.

Figure 16. Characteristics of fragmentd pies from iron ore specimens with a notch position at 2L/3 of the
specimen length relative to the incident bar and different notch lengths: (S7) notch surface/ total shear surface =
0.2; (S8) notch surface/ total shear surface = 0.4; (S9) notch surface/ total shear surface = 0.6.
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After the sieving process, the mass percentage
of the fragments was used as a key parameter for
analyzing the fragmentation distribution. In other
words, the ratio of the mass percentage of each size
class of the crushed fragments to the total mass of
the original iron ore sample was considered an
index for evaluating the degree of sample breakage
under different notch lengths and positions relative
to the incident bar. In the present research, the
average particle size was used as the main indicator
for fragmentation analysis. The calculation
procedure for this index is described as follows:

First, the fragmented iron ore particles were
sieved using a set of standard mesh sieves, and the
mass of each size fraction, denoted as my;, was
measured using a highly accurate digital balance.
Next, the mass percentage of each size group, m,; ,
was calculated by dividing the mass of that group,
mg; , by the total mass of the initial sample, m, and
then multiplying by 100. Then, the particle size
ratio of that group within the entire sample §;,,, is
calculated by multiplying the mass percentage of
that group m.;, by the mean fragment size of that
group di. Ultimately, the mean fragment size of the
sample under the specified crack length and
position relative to the incident bar is obtained by
summing the particle size ratios of all groups.

Journal of Mining & Environment, Published online
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In this context, the symbol i represents the size
group number, resulting from the sieving process,
and d;y denotes the mean fragment size of that
group, defined as the mean of the minimum and
maximum fragment sizes within group i. For
example, when /=1, the mean fragment size is
17.25 mm.

After performing the sieving process and initial
calculations, the mass percentage and mean
fragment size were determined for samples with
different notch lengths and positions relative to the
incident bar. According to the data presented in
Table 1, m denotes the initial mass of the sample,
and mjy represents the mass percentage
corresponding to the size group i. Figure 17
illustrates the fragment size distribution and the
variation in average particle size as functions of
different notch lengths and positions under
dynamic loading conditions.

As shown in Table 1 and Figure 17, both the
length and the position of the notch relative to the
incident bar exert a substantial influence on
fragment size distribution and the mean fragment
size of the iron ore samples.

Table 1. Characteristics of fragmentation distribution in iron ore specimens under different notch lengths and
positions relative to the incident bar.

Specim Notch notch me) miy (%) Mean fragment
en No.  position length i=1 i=2 i=3 i=4 i=5 i=6 i=7 i=8 size (mm)
S1 L/3 0.2 50.74 18.13 30.07 8.45 9.11 436 236 278 2473 6.84
S2 L/3 0.4 49.39 37.05 25.63 7.01 5.87 288 152 142 18.63 9.44
S3 L/3 0.6 48.5 46.78 22.58 6.08 4.52 223 085 1.01 1596 10.73
S4 L2 0.2 51.82 10.11 30.91 8.7 10.50 492 261 3.88 2837 5.64
S5 L2 0.4 50.59 24.55 28.74 8.14 7.23 3.87 202 192 2352 7.72
S6 L2 0.6 49.6 39.98 23.93 6.85 5.83 2.68 141 137 1794 9.83
S7 2173 0.2 49.75 0 34.37 9.85 11.86 5,63 3.02 452 30.75 4.33
S8 2173 0.4 49.46 20.22 29.98 8.35 7.97 4.14 220 247 24.67 7.14
S9 2L/3 0.6 48.69 34.71 26.39 7.19 6 3.16 156 148 19.51 9.13

Specifically, with the reduction of notch length tol.41 mm, and less than 1 mm, increased

from 0.6 to 0.2 at notch positions of L/3, L/2, and
2L/3 relative to the incident bar, the weight
percentage of particles in the largest size group
(12-22 mm) decreased from 46.78% to 18.3%,
39.98% to 10.11%, and 34.71% to 0%,
respectively. These changes correspond to
reductions of 61.24%, 74.71%, and 100% in this
size fraction, respectively. Conversely, the weight
percentages of particles in the next six size groups,
which include the size ranges 12 to 4.76 mm, 4.76
to 4 mm, 4 to 2.38 mm, 2.38 t01.68 mm, 1.68

17

significantly with decreasing notch length. This
trend indicates an increase in fragmentation
intensity and production of finer particles as a
result of reduced notch length at various positions.

In general, as the notch length decreases and its
distance from the incident bar increases, the
average particle size decreases; this trend indicates
a gradual increase in the susceptibility and
fragmentation intensity of the specimens under
dynamic loading. These changes can be
approximately classified into three distinct stages.
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Figure 17. Fragment size distribution and the variation of mean fragment size with respect to notch length and
its position relative to the incident bar.

3.7. Fractal dimension properties in fragmented
specimens

The fractal dimension serves as an effective
quantitative index capable of evaluating the degree
of fragmentation of iron ore samples under
dynamic loading conditions in SHPB tests. This
parameter enables a more precise analysis of the
variations in sample damage under different notch
geometries, including notch length and its position
relative to the incident bar. Investigations indicate
a direct relationship between the fractal dimension
and the extent of sample damage; in other words,
as fragmentation intensity and the damaged area
within the sample increase, the calculated fractal

18

dimension value significantly rises. In this study,
the fractal dimension is computed based on the
mass-equivalent fragment size distribution. The

mathematical relationships used for fractal
dimension calculation are as follows:
D=3-d )
Log (Mg/M
_ Log (Mg /M) 00
Log R

where D represents the fractal dimension of the
fragments, d is the slope of the fitted line in the
logarithmic coordinate system, Mz denotes the
cumulative mass of fragments with diameters
smaller than R, and M is the initial mass of the
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sample. The linear plots of the logarithmic ratio log
(Mr/M) versus log R under different notch lengths
and positions relative to the incident bar were
constructed based on Equation 10 and were

Journal of Mining & Environment, Published online

denoted by d, was calculated. Subsequently, by
substituting the value of 4 into Equation 9, the
fractal dimension (D) of the fragments resulting
from the failure of the iron ore samples was

illustrated in Figure 18. The slope of each line, obtained.

Table 2. Cumulative mass and fractal dimension of fragmented iron ore specimens with various notch lengths
and positions relative to the incident bar

. . Cumulative mass, Mr (g) Fractal
Specimen - Fissure - notch () 0-1 0-141  0-1.68 0238 04 0476 0-125 0-22 SIOP¢ " gimension

No. position length - e e o - e Thee B (d)

mm mm mm mm mm mm mm mm (D)
S1 L/3 0.2 50.74 2473 2751 2088 3423 4334 5179  81.87 100  0.460 2.540
S2 L/3 0.4 4939 18.63 20.04 2156  24.44 3031 3732 6295 100 0613 2.387
S3 L/3 0.6 485 15.96 16.97 17.81 20.04 2456 3064 5322 100 0.701 2299
S4 L2 02 51.82 2837 3225 3485 3977 5027 5897  89.89 100  0.393 2.607
S5 L2 0.4 50.59  23.52 25.44 2746 3133 3856 4671 7545 100  0.502 2.498
S6 L2 0.6 49.6 17.94 1931 2073 2341 2923 3609  60.02 100  0.632 2.368
S7 2L/3 02 49.75  30.75 35.28 3829 4392 5578  65.63 100 100 0346 2.654
S8 2L/3 0.4 4946 24.67 27.13 2934 3348 4145 4980  79.78 100 0471 2.529
S9 2L/3 0.6 48.69 1951 20.99 2255 2571 3171 3890 6529 100 0.591 2.409

in this figure, the fractal dimension D increases
logarithmically with decreasing notch length and
increasing distance from the incident bar. For
example, as the notch length decreases from 0.6 to
0.2, the fractal dimension values at notch positions
of L/3, L/2, and 2L/3 relative to the incident bar
increase from 2.299 to 2.540, 2.368 to 2.607, and
2.409 to 2.654, respectively. Given that the fractal
dimension is directly related to the degree of
fragmentation, it can be inferred that reducing the
notch length and increasing its distance from the
incident bar result in a gradual increase in the
fragmentation intensity of the specimens. This
trend indicates that more effective transmission of
impact energy to the regions beneath the notch
activates broader failure mechanisms, intensifies
the crushing process, and increases the production
of fine particles within the sample structure.

Log (Mg/M)

-0.8 -0.6 -0.4 -0.2 0
LogR
Figure 18. Log (Mr/M) versus Log R curves for
different notch lengths and positions relative to the

incident bar.

Figure 19 illustrates the variation trend of the
fractal dimension of fragmented iron ore specimens
based on the notch length and its position relative
to the incident bar. According to the results shown
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Figure 19. Fractal dimension of specimens and fitted curves affected by notch length and position relative to the
incident bar: (a) different notch positions; (b) different notch lengths.
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3.8. One-way ANOVA and sensitivity analysis

In this section, the statistical significance and
relative influence of notch position and notch
length on the investigated mechanical and
microstructural parameters, namely dynamic
compressive strength, reflected energy (UR),
transmitted energy (UT), dissipated energy (UD),
mean fragment size, and fractal dimension, were
quantitatively evaluated using one-way analysis of
variance (ANOVA). For each parameter, ANOVA
was conducted separately for notch position and
notch length, and the effect size was quantified
using Eta Squared (n?), representing the proportion
of the total variance explained by each factor and
serving as a sensitivity index.

The results (Table 3) show that notch position
exhibited moderate effect sizes (n?> = 0.17-0.22),
indicating that it accounts for roughly 17-22% of
the total variance in the studied responses.
Although the corresponding p-values (0.467—
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0.562) are above the conventional 0.05 threshold,
meaning the differences among positions are not
statistically significant at the 95% confidence level,
its effect size values suggest a non-negligible
contribution that could become statistically
significant in a larger sample set or under different
experimental conditions. In comparison, notch
length demonstrated consistently strong statistical
significance across all responses, with p-values
between 0.008 and 0.013 and large effect sizes (12
~ 0.76-0.80), explaining the majority of variance
in mechanical and microstructural properties. This
confirms that notch length is the most influential
geometric factor within the tested parameter space.

Overall, the sensitivity analysis indicates that
while notch length plays the dominant role in
governing both strength-related and fracture-
surface parameters, notch position also contributes
meaningfully to the observed variability and should
not be entirely disregarded in  design
considerations.

Table 3. Results of one-way ANOVA and sensitivity analysis (n?) for the effects of Notch Length and Notch
Position on mechanical and microstructural parameters.

Response Notch position Notch length

F-statistic P-value 1’ F- statistic  P-value 1>
Dynamic Compressive Strength 0.7566 0.5093 0.2014 11.443 0.0089 0.7923
reflected energy (UR) 0.7822 0.4990 0.2068 11.328 0.0092 0.7906
transmitted energy (UT) 0.6351 0.5621 0.1748 11.888 0.0082 0.7985
dissipated energy (UD) 0.8678 0.4666 0.2243 9.798 0.0128 0.7656
Mean fragment size 0.7358 0.5178 0.1969 11.462 0.0089 0.7925
Fractal dimension 0.7886 0.4965 0.2081 11.016 0.0098 0.7859

3.9. Properties of fragmentation distribution
caused by blasting in open-pit mines

To better align laboratory results with actual
blasting processes in open-pit iron ore deposits, the
fragment size distribution of damaged iron ore
specimens exposed to impact loading under
controlled laboratory conditions has been more
precisely classified. Following blasting operations
in iron ore deposits, large rock fragments often
require secondary crushing, which significantly
increases operational costs. Conversely, the
generation of excessively fine particles contributes
to increased dust pollution, flyrock hazards, and
safety concerns within the mining environment.
These conditions also intensify vibrations and
shock waves throughout the site, thereby
substantially elevating expenses associated with
dust control systems, equipment maintenance, and
environmental protection.

Accordingly, minimizing the proportion of both
excessively large and excessively fine fragments
generated during blasting plays a critical role in
effectively controlling extraction costs. In this
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context, to enable a more accurate analysis of
impact-induced damage, the size distribution of
fragments produced by blasting was examined in a
more detailed and segmented manner. The
influence of notch length and its distance from the
incident bar was evaluated based on the weight
percentages of fragments across various size
ranges.

Based on the fragmentation distribution
characteristics of iron ore specimens subjected to
impact loading and considering the necessity of
improving blasting operations in open-pit iron ore
deposits, the resulting fragments were categorized
into three main groups according to fragment size:
large, medium, and fine fragments. The fragment
size ranges corresponding to each of these three
groups are defined as follows:

1. Large-diameter fragments: This category
includes particles with diameters of > 12.5 mm
and represents the majority of large iron ore
blocks that typically require secondary breakage
after the initial blasting in iron ore deposits. For
instance, in the Galali iron ore mine, the
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diameter of such fragments is commonly
reported to reach d > 600 mm.

2. Medium-diameter fragments: This category
comprises particles with diameters in the range
of 1 mm < d < 12.5 mm, corresponding to the
second to the sixth size classes. These fragments
are of intermediate scale and generally align
with the particle sizes typically produced by
blasting operations in iron ore deposits.
Normally, fragments within this size range do
not require secondary breakage. In the Galali
iron ore mine, the size range for fragments
falling into this category is reported to be 6 mm
<d <600 mm.

3. Fine fragments: This group consists of particles
with diameters of d < 1 mm, classified as the
seventh size group. It includes extremely fine
particles, which typically represent a small
proportion of the total iron ore generated by
blasting and may even appear in the form of fine
powder. Economically, these fragments have
very low value, and the ultrafine particles are
often referred to as mineral dust or fines
produced by blasting. Such fines can lead to
environmental concerns. In the Galali open-pit
iron ore mine, particles with diameters of d <6
mm are reported within this category.

Based on the aforementioned method, the
distribution characteristics of iron ore fragments
across different size ranges were determined by
considering both the notch length and its position
relative to the incident bar. The results of this
analysis are presented in Table 4. Furthermore,
Figure 20 shows the change in the mass
percentages of the three iron ore fragment groups
as a function of notch length and its position
relative to the incident bar.

As illustrated in Figure 20, a significant
decrease in the mass percentage of large-diameter
iron ore fragments is observed with decreasing
notch length and increasing its distance from the
incident bar. This trend highlights the simultaneous
influence of notch geometry on the degree of
fragmentation under dynamic loading. For
instance, when the notch length is fixed at 0.2 of
the specimen lengths, increasing the notch distance
from L/3 to L/2 and ultimately to 2L/3 results in a
continuous reduction in the mass percentage of
large-diameter fragments from 18.3% to 10.11%,
and finally to 0%. This decrease occurs linearly,
with steep percentage point drops of 44.24% and
100%, respectively. When the notch length is held
constant at 0.4 of the specimen lengths, increasing
the notch distance from L./3 to /2 and ultimately
to 2L/3 results in a decrease in the mass percentage
of large-diameter fragments from 37.05% to
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24.55%, and finally to 20.22%. This reduction
occurs with a more moderate slope, corresponding
to decreases of 33.74% and 17.64%, respectively.
Finally, when the notch length is held constant at
0.6 of the specimen lengths, increasing the notch
distance from L/3 to L/2 and then to 2L/3 results in
a reduction in the mass percentage of large-
diameter fragments from 46.78% to 39.98%, and
subsequently to 34.71%. In this case, the
percentage point reductions are 14.54% and
13.18%, respectively, indicating a more gradual
decline compared to the previous cases. These
results indicate that in specimens with shorter
notches, the effect of increasing the notch distance
from the incident bar on the reduction of large-
diameter fragments is more pronounced. However,
as the notch length increases, the sensitivity of this
parameter gradually diminishes.

Overall, with a reduction in notch length from
0.6 to 0.4 and subsequently to 0.2, while
maintaining the notch position at L/3 of the
specimen length relative to the incident bar, the
mass percentage of large-diameter fragments
decreases linearly. The corresponding reductions
are 22.46% and 51.1%, respectively. Subsequently,
when the notch is positioned at L/2 of the specimen
length relative to the incident bar, a reduction in
notch length from 0.6 to 0.4 and then to 0.2 results
in a significantly greater decrease in the mass
percentage of large-diameter fragments. The
corresponding reductions are 38.59% and 58.82%,
respectively. Finally, when the notch is located at
2L/3 of the specimen length relative to the incident
bar, reducing the notch length from 0.6 to 0.4 and
then to 0.2 results in a substantial reduction in the
mass percentage of large-diameter fragments, with
reductions of 41.75% and 100%, respectively.
These results indicate that as the distance of the
notch from the loading source increases, the effect
of reducing the notch length on the degree of
sample fragmentation is significantly amplified,
consequently leading to a substantial increase in
the rate of decrease in the percentage of large-
diameter fragments.

Analysis of the dynamic test results reveals that
decreasing the notch length while increasing its
distance from the incident bar results in a
significant increase in the mass percentage of
medium-diameter fragments. When the notch
distance from the incident bar is equal to the one-
third of the specimen length (L/3), reducing the
notch length from 0.6 to 0.4 and then to 0.2 results
in a linear and significant increase in the mass
percentage of medium-diameter fragments from
37.26% to 44.32% and finally to 57.13%. This
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increase corresponds to relative growth rates of
18.95% and 28.9%, respectively. When the notch
distance from the incident bar is equal to L/2 of the
specimen length, reducing the notch length from
0.6 to 0.4 and then to 0.2 results in an increase in
the mass percentage of medium-diameter
fragments from 42.08% to 51.93% and
subsequently to 61.52%. This increase occurs with
a gentler slope, corresponding to relative growth
rates of 23.41% and 18.46%, respectively. Finally,
when the notch distance from the incident bar is
equal to 2L/3 of the specimen length, reducing the
notch length from 0.6 to 0.4 and then to 0.2 results
in a rapid and nearly linear increase in the mass
percentage of medium-diameter fragments from
45.78% to 55.12% and ultimately to 69.25%. In
this case, the relative increases are 20.4% and
25.63%, respectively. Overall, the results indicate
that reducing the notch length, particularly at
greater distances from the loading source,
effectively enhances the production of medium-
diameter fragments. The intensity of this increase
is dependent on the spatial position of the notch
within the specimen and can serve as a valuable
indicator for evaluating fracture behavior and
comminution characteristics under dynamic
loading conditions. The data analysis results
indicate that, under conditions of a constant notch
length, increasing the notch distance from the
incident bar leads to a significant rise in the mass
percentage of medium-diameter fragments.
However, the magnitude and pattern of this
increase depend on the length of the pre-existing
discontinuous edge notch, exhibiting distinct
behaviors in each case.

When the notch length is held constant at 0.2,
increasing the notch distance from L/3 to L/2 and
ultimately to 2L/3 of the specimen length results in
an increase in the mass percentage of medium-
diameter fragments from 57.13% to 61.52% and
then to 69.25%. This increasing trend is
approximately linear with a steep slope,
corresponding to relative growth rates of 7.68%
and 12.66%, respectively. For a constant notch
length of 0.4, increasing the notch distance from
L/3 to L/2 and finally to 2L/3 of the specimen
length results in an increase in the mass percentage
of medium-diameter fragments from 44.32% to
51.93%, and then to 55.12%. In this case, the
increasing trend exhibits a gentler slope, with
relative growth rates of 17.17% and 6.14%,
respectively. Finally, when the notch length is fixed
at 0.6, increasing the notch distance from L/3 to L/2
and ultimately to 2L/3 of the specimen length
results in an increase in the mass percentage of
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medium-diameter fragments from 37.26% to
42.08%, and then to 45.78%. The rate of increase
in this case is slower, with relative growth rates of
12.94% and 8.8%, respectively. Overall, these
results demonstrate that increasing the notch
distance from the loading source, even under
constant notch length conditions, has a direct
impact on the enhanced production of medium-
diameter fragments. However, the intensity and
rate of this increase are dependent on the notch
length, with shorter notches exhibiting greater
sensitivity to changes in notch position and a more
accelerated increase in medium fragment
generation. This behavior can be considered an
indicative parameter for assessing damage
propagation mechanisms and fracture development
under dynamic loading conditions.

The analysis results indicate that the mass
percentage of fine fragments generally increases
linearly and significantly with decreasing notch
length and increasing distance from the loading
source. The intensity and slope of this increasing
trend vary depending on the length of the pre-
existing notch. For instance, under conditions
where the notch length is fixed at 0.2, increasing
the notch distance from L/3 to L/2, and finally to
2L/3 of the specimen length results in an increase
in the mass percentage of fine fragments from
24.73% to 28.37%, and subsequently to 30.75%.
This increase is relatively linear and steep, with
relative growth rates of 14.72% and 8.39%,
respectively. For a fixed notch length of 0.4,
increasing the notch distance from L/3 to L/2, and
finally to 2L/3 of the specimen length results in an
increase in the mass percentage of fine fragments
from 18.63% to 23.52%, and subsequently to
24.67%. This increasing trend exhibits a more
gradual slope, with relative growth rates of 26.25%
and 4.89%, respectively. When the notch length is
fixed at 0.6, increasing the notch distance from L/3
to L/2, and finally to 2L/3 of the specimen length
results in an increase in the mass percentage of fine
fragments from 15.96% to 17.94%, and ultimately
to 19.51%. In this case, the rate of increase is
slower, with relative growth rates of 12.4% and
8.75%, respectively.

Generally, the results indicate that increasing
the notch distance from the loading source, while
keeping the notch length constant, leads to an
enhanced production of fine fragments. This effect
is more pronounced for shorter notches, suggesting
that a reduction in notch length increases the
specimen’s  sensitivity to notch position
displacement, thereby promoting greater fine
particle generation during the fracture process.
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This finding can contribute to a better
understanding of the comminution mechanisms
under dynamic loading conditions. The results of
the investigations demonstrate that a reduction in
notch length, particularly at different positions
relative to the loading source, results in a
remarkable increase in the mass percentage of fine
fragments. The magnitude and trend of this
increase are dependent on the notch position along
the specimen length.

When the notch distance from the incident bar
is fixed at L/3 of the specimen length, reducing the
notch length from 0.6 to 0.4 and then to 0.2 results
in a significant and linear increase in the mass
percentage of fine fragments from 15.96% to
18.63%, and subsequently to 24.73%. These
increases correspond to relative growth rates of
16.73% and 32.74%, respectively, highlighting the
significant role of notch length reduction in
enhancing fine particle production at this position.
When the notch distance from the incident bar is
equal to half the specimen length (L/2), reducing
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the notch length from 0.6 to 0.4 and then to 0.2
results in an increase in the mass percentage of fine
fragments from 17.94% to 23.52%, and
subsequently to 28.37%. In this case, the increasing
trend exhibits a more gradual slope, with relative
growth rates of 31.1% and 20.62%, respectively.
Finally, when the notch distance from the incident
bar equals two-thirds of the specimen length
(2L/3), reducing the notch length from 0.6 to 0.4,
and then to 0.2, causes a rapid and nearly linear
increase in the mass percentage of fine fragments
from 19.51% to 24.67%, and then to 30.75%. In
this case, the relative growth rates are 26.45% and
24.65%, respectively. These findings clearly
demonstrate that reducing the notch length,
especially at larger distances from the loading
source, significantly increases the production of
fine fragments. Therefore, in designing fracture
geometry under dynamic loading conditions,
careful consideration of both notch length and
position can play a crucial role in controlling the
size distribution of resulting fracture fragments.

Table 4. Characteristics of iron ore block size distribution based on notch length and Its position relative to the
incident bar

percentage of iron ore fragments m;, under the influence of notch length and its distance from the

Fragment scale

incident bar.

S1 S2 S3 S4 S5 S6 S7 S8 S9
Large 18.13 37.05 46.78 10.11 24.55 39.98 0 20.22 34.71
Medium 57.13 44.32 37.26 61.52 51.93 42.08 69.25 55.12 45.78
Powder 24.73 18.63 15.96 28.37 23.52 17.94 30.75 24.67 19.51

Fragment size

my, (%)

—e—Large
-8 Medium
—4A - Powder
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Notch geometry
Figure 20. The mass percentage variations of three
distinct groups of iron ore fragments under
different notch lengths and positions relative to the
incident bar.

3.10. Implications for Field-Scale Blast Design

Although the results presented in this study
were obtained under controlled laboratory
conditions, they provide valuable insights for
improving blast design and execution in open-pit
iron ore mining. The non-persistent edge notches
investigated here can be regarded as analogues to
natural discontinuities present within rock masses,
which are inherently uncontrollable during
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blasting. The laboratory findings show that
increasing notch length or positioning the notch
closer to the loading source (incident bar) leads to
reduced dynamic strength, earlier energy
dissipation, and the formation of coarser
fragmentation, whereas shorter notches located
farther from the loading source preserve higher
strength and promote more controlled fracture
patterns. These observations can inform practical
decisions in field-scale operations. For instance,
understanding the effect of notch length and
position on fragment size distribution can guide the
selection of blast hole orientation, explosive charge
length, and precise delay timing to achieve desired
fracture patterns, minimize flyrock, and prevent
unintended rock breakage. Future studies should
focus on translating these laboratory findings into
actionable guidelines for blast hole design, charge
configuration, and delay timing while considering
actual field parameters and the heterogeneous
nature of rock masses. Such efforts would help
bridge the gap between controlled experiments and
complex field operations, ultimately enhancing the
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efficiency and cost-effectiveness of large-scale
blasting processes.

4. Limitation of the present study

The experimental test in this study was
conducted exclusively on rock specimens collected
and prepared from the Galali iron ore open-pit
mine. While this approach ensured consistency in
lithology and structural characteristics, it
inherently constrains the generalizability of the
results to other geological settings. Variations in
lithological composition, joint orientation and
spacing, weathering degree, and in-situ stress
conditions across different sites can significantly
alter rock failure modes, fracture propagation
patterns, and energy dissipation mechanisms
during blasting. Furthermore, site-specific factors,
such as blasting history, scale effects, and local
stress redistribution, may introduce additional
variability that was not captured within the scope
of this investigation. Therefore, caution should be
exercised when extrapolating the present findings
to geological environments with substantially
different geomechanical conditions, and the
interpretations presented here should be considered
representative primarily of settings similar to the
Galali mine.

5. Conclusions

Drawing upon the analyses presented, one may
infer that reducing the notch length and increasing
its distance from the incident bar effectively
decreases the mass percentage of large-diameter
fragments. Consequently, the amount of iron ore
requiring secondary crushing is reduced, leading to
controlled costs associated with secondary
crushing operations. However, these changes cause
a progressive increase in the mass percentage of
fine fragments. This increase significantly raises
the costs associated with dust control, flyrock, and
air blast phenomena in iron ore mines. In light of
these two aspects, two key criteria are proposed for
evaluating the effectiveness of blasting operations:

1. For a notch length of 0.2 at various notch
positions relative to the incident bar, and for a
notch length of 0.4 at positions of L/2 and 2L/3
of the specimen length from the incident bar, the
mass percentage of medium-diameter fragments
exceeds 50%. As a result, over half of the
blasted iron ore consists of medium-sized
fragments suitable for direct transfer to the next
stage of ore processing, thereby eliminating the
need for additional crushing.
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2. The mass percentage of fine fragments is less
than 20% for a notch length of 0.6 at various
notch positions relative to the incident bar, and
for a notch length of 0.4 at a distance of one-
third of the specimen length from the incident
bar. Considering the costs associated with iron
ore extraction in open-pit mines, the expenses
related to dust control (including both economic
and temporal costs) are substantial. Therefore,
the ultimate effectiveness of blasting operations
necessitates minimizing dust pollution as much
as possible. Accordingly, the mass percentage
of fine fragments should be maintained within a
reasonable and controlled range.

According to the two guiding principles
discussed above, blasting effectiveness can be
assessed by examining how fragment size
distribution changes with notch length and distance
from the incident bar, as summarized in the
following observations:

1. The mass percentage of medium-diameter
fragments is less than 50% for a notch length of
0.4 at a notch distance of L/3 of the specimen
length from the incident bar, and for a notch
length of 0.6 at L/3, L/2, and 2L/3 of the
specimen length. Therefore, the crushing effect
induced by impact within this range of notch
lengths and positions is considered weak.

2. The mass percentage of Large-diameter
fragments is less than 20% for a notch length of
0.2 at L/3, L/2, and 2L/3 of the specimen length
from the incident bar. Therefore, the need for
secondary crushing within this range of notch
lengths and positions is reduced.

3. The mass percentage of fine fragments exceeds
20% for a notch length of 0.4 at notch distances
of L/2 and 2L/3 of the specimen length from the
incident bar, as well as for a notch length of 0.2
at L/3, L/2, and 2L/3 of the specimen length.

The dynamic compressive strength of the rock
increases linearly with decreasing notch length and
increasing notch distance from the incident bar.
Additionally, the energy dissipated in the iron ore
samples was significantly influenced by both the
notch length and its distance from the incident bar.
The dissipated energy exhibited an inverse
relationship with notch length and a positive
correlation with notch distance from the incident
bar. Moreover, the dissipated energy of the samples
demonstrated a quadratic relationship with their
dynamic compressive strength, which was nearly
independent of the notch length and distance from
the incident bar. Except for the specimen featuring
a notch surface-to-total shear surface a ratio of 0.2
and a notch positioned at 2L/3 of the specimen
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length from the incident bar, which failed along a
dominant inclined fracture plane at approximately
120°, all other specimens exhibited a characteristic
X-shaped fracture pattern. This recurring pattern
suggests a symmetrical stress distribution and
crack propagation mechanism under dynamic
loading, influenced by the interaction between the
incident stress wave and the pre-existing notch
geometry.

The fragment size distribution of fragmented
pieces under impact loading, considering notch
length and position relative to the incident bar,
aligns well with the two established principles.
This indicates that the crushing effect on the iron
ore within this range is satisfactory. At greater
notch lengths and shorter distances from the
incident bar, the mass percentage of fine fragments
decreases, whereas the mass percentage of large-
diameter fragments increases. In this condition, the
mass percentage of medium-diameter fragments
falls below 50%. Conversely, at shorter notch
lengths and greater distances from the incident bar,
the mass percentage of medium-diameter
fragments exceed 50%. Under a constant pressure
of 12.5 MPa, decreasing notch length and
increasing notch distance from the incident bar,
reduce the need for secondary crushing and
increase the mass percentage of fine fragments. In
contrast, greater notch lengths positioned closer to
the incident bar increase the need for secondary
crushing and reduce the mass percentage of fine
fragments. Ultimately, based on the experimental
outcomes and the two evaluated principles, the
optimal notch length range in this study, defined by
the mass percentage of medium-diameter
fragments, lies between 0.2 < L < 0.4, with the
notch distance ranging from L/2 to 2L/3.
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