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Abstract

Rock’s response time to blasting (T},;,,) refers to the critical time elapsed between the
detonation of the explosive to the fragmentation and displacement of the rock, and it is
a fundamental parameter that directly impacts blast-induced fragmentation. Although
existing studies acknowledge the importance of this parameter, there are uncertainties
regarding the factors determining T},;,. Furthermore, existing models use complex parame-
ters, fail to demonstrate sufficient performance in different engineering scenarios, or are
not suitable for use as a practical engineering tool. To address these uncertainties and to
reveal the relationship between T,,;,, and fragmentation performance with an integrated
model, a comprehensive dataset was obtained from 27 blasts conducted in 12 different quar-
ries in Tirkiye. The study followed a systematic methodology including geomechanical
characterization, T),;, measurement via high-speed videography, and pre- and post-blast
photogrammetric fragment size analysis. The findings enabled the development of a model
that predicts T,,;, with high accuracy (R? = 0.789, MAPE: %16.56) using parameters easily
measurable in practice. More importantly, this estimation of T},;, was used in an integrated
model where the mean fragment size (Psp) could be predicted directly and successfully
(R? = 0.837, MAPE: %8.37), providing a significant contribution to the literature. In light of
these results, the primary engineering contribution of the study is that it has developed
a practical and reliable tool applicable in the field, which treats T),;, as an optimizable
design variable and provides a seamless prediction framework from blasting design to the
rock fragmentation.

Keywords: blasting; rock fragmentation; rock’s response to blasting; rock movement; high
speed video records

1. Introduction

Blasting is a fundamental method used for the fragmentation of hard rocks. The
foundation of this technique is the controlled detonation of explosive materials inserted
into holes drilled into the rock mass, followed by using the blasting energy released to
fragment the rock to the required size.

The fragmentation mechanism that underlies this controlled fragmentation is a se-
quence of sequential reactions that starts with the initiation of the explosive charge. Upon
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the detonation of the explosive charge, the suddenly released gases at very high tem-
perature and pressure strike the borehole walls, creating an intense pressure wave that
propagates outwards through the rock. This stress wave from the blast exceeds the rock’s
stress strength in a very short time, shattering and breaking the region immediately sur-
rounding the hole and creating a zone that has been plastified and pulverized into dust.
Outside this zone, plastic behavior transitions to elastic behavior, forming a fractured zone.
The tangential (tensile) stresses generated here cause the formation of cracks that propagate
in a radial direction. The radial cracks continue to propagate until the tangential tensile
stress falls below the tensile strength of the rock. When the released radial pressure waves
hit a free surface, they reflect and transform into tensile stress waves. These reflected
tensile waves advance the fracturing initiated around the hole, triggering the formation of
radial cracks extending to distances up to four times the borehole diameter. Subsequently,
the high-pressure gases penetrate these radial cracks, pushing them like a wedge and
propelling the cracks all the way to the free surface, thereby achieving the final fragmen-
tation of the rock. In the final stage, the same gas pressure displaces the fragmented rock
mass, completing the blasting cycle [1-7]. This entire duration, from the detonation of the
explosive to the fragmentation and displacement of the rock, was defined by Chiappetta [8]
as the rock’s response time to blasting (T};,).-

Since its discovery, rock fragmentation by blasting has attracted substantial research
interest aimed at enhancing fragmentation performance. The primary challenge in achiev-
ing desired fragment size distribution lies in rock inhomogeneity and the complex interplay
of stress wave propagation and gas penetration mechanisms. Consequently, determining
site-specific blasting parameters tailored to each geological environment remains essential.
While specific charge optimization through hole pattern and charge amount adjustments is
commonly employed, numerous studies have demonstrated that delay timing constitutes
an equally critical parameter for fragmentation control. Research shows optimal delay
times range from 3 to 8 ms/m of burden [9-13] to 10 ms/m [14], with consistent find-
ings indicating improved fragmentation at delays exceeding 3.3 ms/m and deterioration
below 1 ms/m [15,16]. Some researchers propose spacing rather than burden as the key
parameter [17,18], with detailed rock-specific recommendations available [17]. Empirical
studies confirm that increased delay times up to 11-13 ms/m generally reduce mean frag-
ment size and improve fragmentation efficiency [19-21], though excessively long delays
may diminish effectiveness due to loss of stress wave interaction.

As mentioned above, various studies and suggestions have been put forward for the
ideal delay interval to achieve good fragmentation. However, guidelines often require
adaptation and may not be directly transferable to all field conditions, largely due to the
unpredictable nature of blasting and the significant inhomogeneity inherent to rock units.
Well aware of this complexity, Jimeno et al. [5], emphasized that delay timing should
enable the total completion time of the sequence of events that comprise the rock frag-
mentation mechanism by blasting, rather than recommending definitive numerical values.
This perspective—which refers to the duration of sequential reactions from explosive ini-
tiation to rock fragmentation and displacement, or the rock’s response time to blasting
in Chiappetta [8] terms—has shed important light on the field by suggesting that such
timing may play a critical role in achieving optimal fragmentation. Nevertheless, the
number of scientific studies that have examined its impact on fragmentation performance is
considerably limited.

The term “rock’s response time to blasting” was first defined by Chiappetta [8], and it
depends on the burden/hole diameter ratio. For good results in rock fragmentation, the
delay time between holes in a row should be less than or equal to T}, and the delay time



Appl. Sci. 2025, 15,9447

30f21

between rows should be 1.5-3 times T,,,;,. Depending on the blasted material, T},;, varies
from a few milliseconds to hundreds of milliseconds.

Onederra and Esen [22] developed an empirical complex model, introducing
new parameters such as rock hardness (Kjqss) and explosive-rock interaction (ERI)
(Equation (1)).

Twin = (K x ERI)|a x Ex; b (1)
min — mass d Kyass X ERI

where T}, is the minimum response time (ms); Kjyqss is the rock mass stiffness (GPa) which
is a function of the rock mass dynamic Young’s modulus (E;) and Poisson’s ratio (v4); B is
the burden (m); 4 is the hole diameter (m) and ERI is an explosive rock interaction term.
While Kj465 is calculated by using Equation (2), the term ERI is determined by Bergmann [4]
formula (Equation (3)).

E;
K = — 2
mass (1 'Ud) ( )
ERI = (0.36 + p.) X 72 X | =— ] x 3)
. Pe (1 522 ~ 5) DC] Pe
4

where ERI is the explosive-rock interaction term; p, is the density of the explosive (g/cm?);
D is the actual (non-ideal) detonation velocity (km/s); v, is the P-wave velocity of the
intact rock (km/s) and Dy is the C;j detonation velocity (km/s).

Segarra et al. [23] and Sanchidridn et al. [24] proposed a contrasting perspective,
suggesting that parameters such as rock type and bench height exhibit negligible influence
on Ty,i,,. Their model posits that T,,;,, demonstrates an inverse functional relationship solely
with burden, representing a significant departure from other theoretical frameworks in
the literature.

Onederra [25] continued the work performed by Onederra and Esen [22] and made
empirical graphs that will help determine delay duration under different conditions.

Voulgarakis et al. [26] conducted a pioneering and, to our knowledge, the sole study
that explicitly quantified the relationship between rock fragmentation and T,,;, using di-
mensional analysis, introducing a definitive mathematical formulation for this relationship
(Equation (4)).

1/2
0.077 x My x B?

Toin = 4
min = 1 (7116 — RRsg) x E; @)

where T,,;, is the minimum response time, M, is the mass of blasted rock, By, is the local
burden, RR5 is the fragmentation ratio and E; is the released explosive energy.

As mentioned above, researchers widely acknowledge the critical importance of the
Tpin for fragmentation quality and blasting efficiency. Experimental studies confirm the
fragmentation mechanism involves sequential reactions, requiring precise timing. However,
significant disagreement persists regarding the specific parameters determining this precise
timing (T,;;,) and its calculation, highlighting the subject’s complexity.

While a strong theoretical foundation exists, a clear need remains for translating
these models into practical tools for engineers. The negative influence of burden is well-
documented, but the combined effects of other parameters require refinement for better
field accuracy. Furthermore, developing a verified, comprehensive calculation tool for direct
on-site use is an area for advancement, necessitating a stronger experimental emphasis on
the T,,;,,-fragmentation correlation.

The conflicting literature provides a strong rationale for this subject and study aims to
address these gaps. The primary engineering objective is to develop a comprehensive and
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T nin-integrated predictive model for fragmentation by blasting. Unlike existing approaches,
this research was designed to extend beyond predicting T,,;, by utilizing this parameter as
a direct input to sequentially estimate rock-size reduction ratio (F, %) and ultimately the
mean particle size (P5p). Thus, this study is the first in the literature to establish a novel
model that directly integrates the prediction of Tp,i, with the estimation of Ps.

The study employed a sequential methodology (Figure 1): (1) Characterizing field geol-
ogy and quantifying rock mechanical properties. (2) Pre-blast studies included meticulous
measurement of blast design parameters, detonator timing verification, and photogrammet-
ric quantification of in situ block size distribution on bench faces with Split Desktop v2.0
from Split Engineering, USA. (3) Blast monitoring used high-speed videography (1000 fps)
Blaster’s Ranger II High Speed Camera from MREL, Canada to record detonator initiation
(tp) and rock displacement onset (t;;), enabling calculation of T,,;,. (4) Post-blast studies
quantified particle size distribution via photogrammetric assessment of muck piles with
Split Desktop v2.0 from Split Engineering, USA, enabling evaluation of fragmentation
efficiency against initial block size. (5) Statistical analysis of the data produced in the
previous phases by using IBM SPSS Statistics 25 from the IBM Corporation, USA.

2. Study Fields

This study investigates 27 blasts across 12 quarries in Istanbul, Tekirdag, and Kirklareli
in Tiirkiye (Table 1). The lithological units and geology were systematically determined in
the field using geotechnical information forms. The quarries covered by the study contain
the four most common rock types encountered in quarrying: limestone, sandstone, marl,
and claystone. This lithological diversity encompasses the rock types found in the majority
of limestone quarries worldwide.

Table 1. Geological and mechanical characteristics of the study fields.

. . UucCs * Rock D *** (Mm)

No Adress Formation Unit (MPa) Classification ** p* (t/m3) Min. Mean (Ds) Max.
1 Kirklareli Pinarhisar Limestone 89 Strong 2.54 1030 2515 5635
2 Kirklareli Pinarhisar Limestone 98 Strong 2.52 930 3355 7520
3 Kirklareli Pinarhisar Limestone 71 Strong 2.52 755 3665 4690
4 Kirklareli Suloglu Sandstone 95 Strong 2.55 365 3600 1865
5 Kirklareli Sogucak Limestone 48 Strong 2.50 520 3430 2960
6 Kirklareli Sogucak Limestone 42 Strong 2.44 1580 2705 4970
7 Kirklareli Thrace Limestone 76 Strong 2.51 310 1925 3395
8 Kirklareli Suloglu Sandstone 55 Strong 2.50 330 1660 3200
9 Kirklareli Islambeyli Marn 130 Very Strong 2.55 310 2170 4360
10 Istanbul Thrace Sandstone 126 Very Strong 2.54 420 2110 3930
11 Kirklareli Suloglu Limestone 186 Very Strong 2.60 1430 1990 6135
12 Tekirdag Danismen Claystone 37 Moderate 2.50 860 1820 5025

UCS: Uniaxial Compressive Strength, p: Unit Volume Weight of the Rock, D: In Situ Block Size, * Obtained from
laboratory test performed on samples taken from blasted rock, ** Classification based on uniaxial compressive
strength values, *** Determined through photogrammetric quantification of in situ block size distribution on
bench faces.

Subsequently, laboratory testing of representative rock samples was conducted to
quantify UCS and p. In terms of rock strength, the study encompasses a wide range of sam-
ples, from moderate strong to very strong, where blasting is technically and economically
necessary. Similar variability was also observed in discontinuity networks that regulated in
situ block sizes.

Despite the geographical limitations, considering the lithological diversity, rock
strength range, and industrial application criteria covered by the study, it can be said
that the study fields are representative of quarries on a global scale. In addition, this
diversity enables the development of generalized predictive models that can be applied in
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various geological contexts, thereby enhancing our understanding of the rocks’ response
time to blasting.

| Characterizing Field Geology and Quantifying Rock Mechanical Properties

Geotechnical Information Forms |—>| Geology |
Laboratory Tests |—P| Uniaxial Compressive Strength (UCS) |
A4
| Pre-Blasting Studies | Unit Volume Weight (p)
%| Meticulous Measurement of Blast Design Parameters, Detonator Timings |
| LEF | MIDPLF (M | Blasting Design Parameters
‘ ] | ‘l LJ ﬁZIGHI (R) > (Burden, Spacing, Specific
‘._ o Fd B e Charge, etc.)
lD <«
675 < 650 4— 54— 600 ‘*‘ 575 550 ‘_525 550~ 575 600 62; 650
> > > >
P sesp’ |y e e R e
‘ l o
717 4 692 6674_ 642 6174‘ 592 4567 _’592 —»617 %2 667 692 M7
. [et e e R = = -
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o
759 <+ 734 < 709 ¢ 684 “’ 659¢ 634 4‘ 609_’ 634 659 884§ 709 734 759
3052 . ey 5 P
‘ l . o e g .
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_’| Photogrammetric Quantification of In-Situ Block Size Distribution on Bench Faces
Digital In-Situ Block Size
lmagr‘: Distribution
Processing (D20, Dso, Dso,
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| Blast Monitoring Used High-Speed Videography (1000 fps)
B -W
Moment of e
Detonator |
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- ' . 3 =737 ms
e 3 g 1
Moment of Rock )
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Digital Particle Size
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i
Processing ! (P20, Pso, Pso, Pioo)
\ s
A

| Statistical Analysis of the Data

Figure 1. Schematic representation of the methodological approach used in the study.

2.1. Danismen Formation

The Danismen formation is of Late Oligocene—Early Miocene age. The formation
consists of greenish gray shales, clay stones and coals which are interbedded with light
gray to yellowish brown and cross-bedded, fine-grained sandstones and siltstones [27].
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2.2. Islambeyli Formation

The Islambeyli Formation, with a thickness varying between 30 and 100 m, is overlain
by the Kirklareli Limestone via both lateral and vertical transitions. The formation begins
with a basal sediment of weakly compacted, poorly sorted, angular, blocky, pebble- to sand-
sized volcaniclastic sandstone-conglomerate. This is overlain by a hard, tightly compacted
succession of sandstone, claystone, marl, and limestone with yellow to off-white-gray
carbonate cement. The unit also contains tuffs and tuffites exhibiting convolute structures,
which are interbedded with locally gray and greenish marls [28,29].

2.3. Thrace Formation

The dominant units in the region are claystones and sandstones. Sediments generally
show a stratified structure, and faults and compression zones are encountered in some
places. For this reason, crushed, cracked, and folded structures are frequently encountered
in the quarry [30].

2.4. Pinarhisar Formation

The Pinarhisar Formation, composed of sandstone, pebbly sandstone, conglomerate,
and various oolitic and clayey limestones, is widely accepted to lie on the eastern shore of
the Thrace Basin, though its age and correlations remain debated. It transitionally overlies
the Kirklareli Limestone toward the basin center but rests unconformably upon the basin-
equivalent Sogucak Formation along the northern margin due to active tectonism. The
gray to dun-colored unit includes thin to medium beds of quartz and limestone pebbles,
oolitic coatings, and layers rich in gastropod and lamellibranch shells, grading upward into
manganese-bearing sandstones, angular conglomerates, and oolitic limestones containing
fish teeth. It is broadly considered to be of Oligocene age [31,32].

2.5. Sogucak Formation

The age of the Sogucak formation varies from Late Lutetian to Early Oligocene along
the basin [33]. The Sogucak formation overlies the Koyunbaba formation in the northern
Thrace Basin with a gradual transition. The depositional environments of the Sogucak
Formation can be defined as shallow marine to deep open marine environments [34].

2.6. Suloglu Formation

The Sogucak Formation consists of gray to beige, thin-bedded, slightly carbonaceous
shales and siltstones with fish fossils at the base, transitioning upward into yellowish-gray
sandstones and greenish-gray claystones. The sandstones are locally tight-bonded, thin- to
medium-bedded, and medium- to coarse-grained, while the claystones are massive and
greenish in appearance. The unit contains lignite bands, particularly in the west near the
metamorphic basement, as well as vertically bedded manganese levels and sandstones
toward its base. Its coal-bearing sandy upper sections are partially correlated with the
Danismen Formation. The age of the unit is considered Middle to Late Oligocene [35].

3. Field Studies
3.1. Blasting Design Parameters

As part of the pre-blast studies, hole design for each shot were meticulously measured
using calibrated tape measures, while detonator connections were inspected to ensure
millisecond-level timings. Due to significant variability in field-measured parameters—
including in situ block size, hole design, and charge distribution—a zone-based analytical
framework was implemented to systematically manage variance, as shown in figure under
the subheading ‘meticulous measurement of blast design parameters, detonator timings’
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in Figure 1. By establishing predefined thresholds for critical blasting parameters, the
27 blasting events were segmented into 51 statistically robust datasets. This methodological
refinement effectively mitigated high standard deviations and facilitated the identification
of causative relationships between blasting parameters and fragmentation.

Since it is not possible to share all the values of blasting design parameters, pertinent
charge specifications, and capsule details from the study, a representative part is presented
in Table 2.

Table 2. Representative values of blasting design parameters, pertinent charge specifications, and
capsule details.

Inter- Inter-
Field Shot Bmax S K . Ib U H ho VoD Q q Hole Row
No No Zone (m) (m) (m) (mm) Explosive (kg/m) n (m) (m) (m) (m/s) (kg) (kg/m3) Delay Delay
(ms) (ms)
1 - 3.45 3 9 89 ANFO 4.97 13 2 10 28 4905 36.82 0.31 25/500 17
1 Left 4 32 9 89 ANFO 497 20 05 95 2 4905 3831 042 25/500 17
2 Middle 325 3.05 9 89 ANFO 497 20 05 95 2 4905 38.31 039 25/500 17
Right 225 247 9 89 ANFO 497 20 05 95 2 4905 3831 045 25/500 17
5 9 Left 2.75 27 8 89 ANFO 4.97 43 2 10 25 4905 3831 0.52 25/500 17
Right 29 27 8 89 ANFO 4.97 40 2 10 25 4905 3831 0.47 25/500 17
o 0 Left 39 25 8 89 Emulsion 7.77 25 1 9 3 5450 4663 0.46 17/500 25
Right 3.95 29 8 89 Emulsion 7.77 20 1 9 3 5450 146.63 0.46 17/500 25
Left 4.15 4.1 9 102 ANFO 6.53 35 1 10 3 4905 46.74 0.38 25/500 17
8 12 Middle 4.25 3.6 9 102 ANFO 6.53 40 1 10 3 4905 46.74 0.4 25/500 17
Right 3.35 3.5 9 102 ANFO 6.53 40 1 10 3 4905 46.74 0.46 25/500 17
13 Left 3.15 33 10 127 ANFO 10.13 44 1 11 3 4830 82.03 0.38 33/500 42
9 - Right 28 37 10 127 ANFO 10.13 40 1 11 3 4830 82.03 0.32 33/500 42
16 Left 295 34 8 127 ANFO 10.13 36 1 9 3 4830 61.77 0.62 33/500 42
Right 33 3.5 8 127 ANFO 10.13 36 1 9 3 4830 61.77 0.61 33/500 42

Bmax: Maximum Burden, S: Spacing, K: Bench Height, d: Blasthole Diameter, I;,: Charge Concentration, n: Number
of Blastholes, U: Subdrilling Length, H: Blasthole Length, h,: Stemming Length, VoD: Velocity of Detonation,
Q: Total Charge, q: Specific Charge.

3.2. Rock Fragmentation by Blasting

This study quantified the in situ block size distribution on pre-blast bench faces and the
particle size distribution of post-blast muck piles using photogrammetry. Representative
sections of bench faces and fragmentation zones were systematically photographed under
controlled conditions. Subsequent digital image processing characterized the pre-blast in
situ block sizes (D5, D5, Dgg, D1go) and post-blast particle size (quantified by Py, P50, Pgo,
P100) by using Split Desktop v2.0.

While the complete dataset exceeds the scope of this study, a statistically representative
subset of results (Table 3) validates the methodology’s application and robustness.

Critically, fragmentation efficiency was evaluated using the rock-size reduction ratio
(E %), defined as the ratio of the mean post-blast particle size (P5p, mm) to the mean
pre-blast in situ block size (D59, mm) (Equation (5)). Higher F values signify enhanced
fragmentation performance.

P

F (%) =100 x ( - 5°> (5)
Dso

The study achieved high fragmentation efficiency across all blasts, with rates ranging

from 83.02% to 96.47% and averaging 86.76%. These results demonstrate consistently

effective size reduction, with some blasts approaching near-perfect fragmentation (96.47%).

3.3. Rock’s Response Time to Blasting

In this study, Blaster’s Ranger II High Speed Camera operating at 1000 frames per
second (fps) were deployed to capture the dynamic response of rocks to blasting. This setup
effectively slowed real-time events by a factor of 1000 for detailed analysis (1 ms of actual
time = 1 s of footage). Footage from each shot was scrutinized frame-by-frame to record
two critical timestamps per blast hole: the initiation of the surface capsules, identified when
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a distinct color change (e.g., brightening) of the capsule’s pixels as shown in picture (a)
under the subheading ‘blast monitoring used high-speed videography’ in Figure 1, and the
first observable rock displacement within the hole’s designated impact zone, determined
using a pixel displacement threshold as shown in picture (b) under the subheading ‘blast
monitoring used high-speed videography’ in Figure 1.

Table 3. A representative part of fragmentation data.

Fleld ShOt Zone q D20 D50 Dgo Dl()() P20 P50 ng P100 F
No No (kg/m3) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (%)
1 - 0.31 1341 1843 2730 3681 139 269 459 777 85.38
1 Left 0.42 3170 5269 9012 11,761 358 729 1204 1800 86.17

2 Middle 0.39 2389 3875 5476 8445 341 634 955 1442 83.65
Right 0.45 2014 3125 5344 6295 218 450 1157 1625 85.60

Left 0.52 2025 3293 4935 6790 154 237 332 482 92.80
Right 0.47 1721 2439 3268 4654 118 227 354 658 90.69

Left 0.46 2355 4043 5764 8511 90 143 209 330 96.47
Right 0.46 3003 5143 7257 11,054 118 212 367 644 95.88

Left 0.38 1509 2452 3681 4952 205 339 545 892 86.19
8 12 Middle 0.4 1921 2971 4902 6386 179 329 514 842 88.93
Right 0.46 2105 2950 4376 6219 150 303 464 666 89.74

Left 0.38 1905 3230 4634 6476 206 497 748 1107 84.61
Right 0.32 1620 2536 4158 4978 189 338 697 890 86.69

Left 0.62 2945 3917 6842 8369 285 468 655 928 88.06
Right 0.61 3332 4799 6757 10,793 343 556 845 1345 88.41

q: Specific charge, Dy: The in situ block size of the bench face at which N percent of material, Py: The particle
size of the rock fragments at which N percent of material, F: Rock-Size Reduction Ratio.

13

16

A critical finding from the analysis revealed consistent deviations in surface capsules
delay times. Capsules from identical production lots exhibited variations of 4-12% (mean:
9%) across monitored blasts. However, high-speed camera data alone could not assess
in-hole delay deviations, necessitating controlled laboratory tests. These tests confirmed
that in-hole detonator deviations closely mirrored those of their paired surface counterparts.
Consequently, surface and in-hole delay deviations were deemed equivalent, simplifying
blast timing error modeling.

To calculate T,,;,, the duration between the ignition of a surface capsule and the
commencement of rock movement within the hole’s impact zone was calculated. By
subtracting the delay times of the capsules and the time required for the explosive to
detonate from this duration, the response time of the rock to blasting can be calculated
(Equation (6)). A representative part of the results are shown in Table 4.

Tiin = (trm — to) — (1 F k)(tsd + tid) + 1000 x V(iliD (6)
where T, is rock’s response time to blasting (ms), ¢, is the moment when the rock breaks
away from the main mass and begins to move (ms), t, is the moment when the surface
capsule is ignited (ms), k is the deviation in the delay time, t; is the surface delay time
(ms), t;; is the in-hole delay time (ms), & is the charge length (m) and VoD is velocity of
detonation (m/s).
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Table 4. A representative part of the data regarding T,,;;,.
Field Shot VoD . _ n Tmin
No No Zone h (m) (m/sn) tsg (ms)  t;; (ms) k trm—to  1000X y5p (ms)
1 - 7.2 4905 25 500 0.12 742 1.47 152.53
1 Left 7.5 4905 25 500 0.12 738 1.53 148.47
2 Middle 7.5 4905 25 500 0.12 727 1.53 137.47
Right 7.5 4905 25 500 0.12 724 1.53 134.47
5 9 Left 7.5 4905 25 500 0.04 640 1.53 92.47
Right 7.5 4905 25 500 0.04 646 1.53 98.47
6 10 Left 6 5450 17 500 0.16 712 1.10 26.46
Right 6 5450 17 500 0.16 711 1.10 25.46
Left 7 4905 25 500 0.04 636 1.43 88.57
8 12 Middle 7 4905 25 500 0.04 636 1.43 88.57
Right 7 4905 25 500 0.04 644 1.43 96.57
13 Left 8 4830 33 500 0.10 632 1.66 44.04
9 Right 8 4830 33 500 0.10 621 1.66 33.04
16 Left 6 4830 33 500 0.10 627 1.24 39.46
Right 6 4830 33 500 0.10 621 1.24 33.46
4. Statistical Analysis
Experimental data ranges are consistent with the established blasting guidelines, such
as those proposed by Langefors and Kihlstrom [36], Olofsson [37], and Jimeno et al. [5].
Table 5 delineates the operational ranges of predictor variables, encompassing minimum,
mean, and maximum values derived from comprehensive field measurements. These
operational ranges represent a primary limitation of the study, as their predictive accuracy
is constrained to these specific boundary conditions.
Table 5. The limit values of the predictors within the scope of this study.
Bmax Ib P h (m) VoD ucCs U (m) D5() P5() q Tmirl F
(m) (kg/m) (t/m3) ° (m/s) (MPa) (mm) (mm) (kg/m3) (ms) (%)
Min. 1.5 3.97 2.44 1.00 4750 37 0 624 92 0.18 32.84  83.02
Mean  3.10 6.59 2.53 2.58 4866 98 0.68 3038 387 0.44 9336  86.76
Max. 4.85 10.13 2.60 4.00 4905 186 2 6869 832 076  183.89 96.47

Quantitative relationships were established by conducting a comprehensive multivari-
ate linear regression analysis on the experimental dataset by using IBM SPSS Statistics 25.
Two predictive models were developed: the first model (Equation (6)) characterizes the
rock’s response time to blasting (T},;,) as a function of six predictors: stemming length (%),
velocity of detonation (VoD), burden (B), charge concentration (I), and rock’s unit volume
weight (p) and uniaxial compressive strength (LICS). The second model (Equation (7)) pre-
dicts the rock-size reduction ratio (F) using specific charge (), rock’s uniaxial compressive
strength (UCS) and response time to blasting (T,;,), and subdrilling length (U).

4.1. Rock’s Response Time to Blasting (T,,;,,) Model

For the Tpin model, regression diagnostics indicated substantial explanatory power
(R? = 0.789). Table 6 presents the model summary statistics, and Table 7 presents the
analysis of variance (ANOVA), which shows statistical significance at the 95% confidence
level (p < 0.001). The accompanying coefficients table contains information on the regression
coefficients, including standardized beta weights and significance values.
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Table 6. Model summary of T, estimation.
Model R R Square Adjusted R Square Std. Error
1 0.888 2 0.789 0.760 20.34720
2. Predictors: (Constant) UCS, h,, VoD, B, I, p.
Table 7. Analysis of variance for T,,;, estimation.
Model Sum of Squares df Mean Square F Sig.
Regression 68,075.908 6 11,345.985 27.405 <0.001b
1 Residual 18,216.373 44 414.008
Total 86,292.280 50
Coefficients 2
Unstandardized Coefficients Standardized Coefficients .
Model t Sig.
B Std. Error Beta
(Constant) —1837.383 586.365 —3.134 0.003
B (m) 18.851 4.222 0.339 4.465 0.000
I, (kg/m) —9.507 1.750 —0.524 —5.432 0.001
1 p (kg/m?) 2495.127 379.389 1.631 6.577 0.002
ho (m) —21.917 5.653 —0.319 —3.877 0.001
VoD (m/ms) —0.839 0.154 —0.887 —5.467 0.003
UCS (MPa) —2.425 0.342 —-1.971 —7.091 0.001
2 Dependent Variable: Tpin (ms). b predictors: UCS (MPa), h,, (m), VoD (m/ms), ® (m), I, (kg/m), p (kg/m>3).
The resultant regression equation for T},;, is expressed as:
Tin = —1837.383 + 18.851 — 9.5071}, + 2495.127p — 21.917h, — 0.839VoD — 2.425UCS (7)

Analysis of the T,;;, model yielded several critical insights. B demonstrated an inverse
relationship with T,,;,, consistent with its established role in blast mechanics. Increasing
B makes it take more energy to move the rock, which extends the response duration.
This discovery corresponds with previous investigations that have identified burden as a
primary determinant. While Chiappetta [15], who first defined the term “rock’s response
time to blasting”, suggested hole diameter influences T, this study confirms its role is
meaningfully contextualized by considering the explosive type. More significant results
emerged when incorporating I;—a parameter functionally dependent on hole diameter and
explosive density—rather than hole diameter alone. Higher I;, values improve the efficiency
of energy transmission and can be attained with denser explosives or larger borehole
diameters. Furthermore, increased VoD decreases T},;,,, confirming explosive properties
as critical determinants. Previous research on the properties of rocks has shown mixed
results regarding the impact of intrinsic material properties on T,,;,,. This study clarifies this
ambiguity by establishing clear directional effects: p shows a positive relationship with T,
suggesting inertial resistance in denser m, while UCS shows a negative correlation with
T nin, suggesting faster response in competent rock. This finding aligns with Bergmann’s
postulations [4]. Interestingly, h, showed up as a new predictor; longer stems were linked
to lower T,,;,,. This indicates better energy confinement from a mechanistic standpoint, as
gaseous products are directed toward rock fracturing instead of escaping to the atmosphere.

Equation (7) provides a practical engineering tool for optimizing delay timing based on
site-specific geomechanical and explosive properties. Its incorporation of four controllable
parameters (B, I, h,, and VoD) positions T,;, as a controllable variable rather than merely
an observational outcome.
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4.2. Rock-Size Reduction Ratio (F) Model

Given the critical influence of delay time on fragmentation outcomes, appropriate
delay intervals are fundamentally dependent upon the T,,;,. This dependence establishes a
direct correlation between T,,;, and fragmentation efficiency. To quantitatively character-
ize this relationship within the framework of temporally optimized blasting, the second
regression model formalized F as the dependent variable. Based on a coefficient of deter-
mination (R? = 0.803), the model was very good at making predictions. Comprehensive
model summary statistics are detailed in Table 8. Analysis of variance (ANOVA) results,
presented in Table 9, confirmed the model'’s statistical significance at the 95% confidence
level (p < 0.001). The accompanying coefficients table explicitly delineates the magnitude
and directional contribution of each predictor variable.

Table 8. Model summary of rock-size reduction ratio (F) estimation.

Model R R Square Adjusted R Square  Std. Error of the Estimate
1 0.896 2 0.803 0.786 1.24798
2. Predictors: (Constant), q, UCS, Tin, U.
Table 9. Analysis of variance for rock-size reduction ratio (F) estimation.
Sum of .
Model df Mean Square F Sig.
Squares
Regression 308.415 4 77.104 46.952 <0.001 P
1 Residual 75.540 46 1.642
Total 383.955 50
Coefficients 2
Unstandardized Coefficients Standardized Coefficients .
Model t Sig.
B Std. Error Beta
(Constant) 87.389 1.385 63.094 0.000
q (kg/m3) 8.011 1.659 0.345 4.828 0.000
1 UCS (MPa) —0.035 0.007 —0.416 —4.686 0.001
Tnin (Ms) —0.022 0.006 —0.313 —3.840 0.005
U (m) 1.442 0.228 0.497 6.317 0.000
2 Dependent Variable: F (%). b Predictors: qkg/ m?), UCS (MPa), Tmin (ms), U (m).
The rock-size reduction ratio (F) equation is defined as:
F =87.389 4 8.011g — 0.035UCS — 0.022T,,;,, + 1.442U (8)

To enhance practical utility, Equation (8) was reformulated to predict mean particle
size (P5¢) based on mean in situ block size (Ds):

87.389 4+ 8.011g — 0.035UCS — 0.022T,,,;;, + 1.442U

Psg =D 1-—
50 50 X 100

©)

It can be said that the rock’s response time to blasting has an inverse effect on rock
fragmentation by blasting. This result, indicating an inverse relationship between the rock’s
response time and fragmentation, aligns with the findings of Voulgarakis et al. [26].

4.3. Validation

Model validation for Equation (9) utilized Tyyin values predicted by Equation (6), rather
than direct field measurements. This approach tested the integrated model’s reliability
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under known design conditions. Figure 2 illustrates a strong correlation (R* = 0.837)
between observed and predicted Psj values.
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Figure 2. Correlation between actual Psy values and predicted Ps values by Equation (9).

The fragmentation model elucidates key mechanistic relationships. F increased with g
and U, consistent with theoretical expectations. Conversely, F decreased with higher UCS
and longer T),;, values. Prolonged response time reducing fragmentation efficiency and
increasing particle size. This positions T}, as a critical temporal determinant in fragmen-
tation optimization, complementing traditional energy-based parameters. Crucially, the
inverse relationship between F and T,,;, constitutes a novel empirical finding.

Model performance was further evaluated using multiple error metrics (Table 10).
While high R? values confirm strong linear correlations, absolute error analysis provides
complementary insight into predictive reliability.

Table 10. Accuracy assessment of the derived models.

Equation Equation (7) Equation (8) Equation (9) *
Target Tmin (8) F (%) Pgo (mm)

Minimum Error (%) 0.45 0.04 0.21

Maximum Error (%) 59.02 7.20 34.12
Mean Square Error (MSE) 357.32 7.93 2397.63

Mean Absolute Percentage Error (MAPE) 16.56 2.62 8.37
Root Mean Square Error (RMSE) 18.90 2.82 48.97
Correlation Coefficient (R?) 0.789 0.803 0.837

* Rather than using the observed T,;, values, estimated T,,;, values calculated by Equation (7) were used.

The developed models generally exhibit high reliability in predicting critical outcomes
of blasting operations. The error rate for Equation (7) (T}, estimation) is less than 20%
in 43 out of 51 examples; however, deviations are particularly pronounced in a few cases,
including Data No. 8 (46.9%), 32 (59.0%), and 35 (51.0%). While Equation (7) generally
performed with acceptable accuracy, significant error rates were observed in 3 of the
51 datasets.
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Similarly, Equation (8) (F estimation) exhibits largely low errors (0.0-5.9%), with only
Data No. 41 (7.1%) and 42 (7.2%) exhibiting exceptionally high deviations. Equation (9) (P59
estimation) achieves consistent performance with errors below 20% for 48 data, except for
Data 19 (34.1%), 49 (25.5%), and 50 (19.2%). These outliers are anticipated to be the result of
boundary design conditions or excessively high actual Ps5y values (e.g., 832 mm). While
not all models exhibit mean absolute percentage errors (Equation (7): 16.56%, Equation (8):
2.62%, Equation (9): 8.37%) that surpass the industrial acceptance threshold (20% MAPE).

Samples containing high errors may be due to inaccuracies in measurement proce-
dures, accidental factors, sudden drops in explosive performance, or local geotechnical
heterogeneities. These kinds of deviations do not invalidate the general validity of the
models. However, it must be emphasized that the aforementioned reasons are currently
only speculative, as they have not yet been confirmed by direct empirical findings or
conclusive field data.

4.4. Testing

A field testing was conducted in Study Field 7 to assess the practical utility of
Equations (7)—(9) derived from regression analysis. The blasting pattern of the test shot is
presented in Figure 3, and the values of predictors are presented in Table 11.
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Figure 3. Blasting design parameters and timing details of the test shot.

Table 11. Blasting design parameters, pertinent charge specifications, and capsule details of the
test shot.

Field Bmax S K d . Iy U H h, VoD Q q
No Zone ) () (m) (mm) Explosive (kg/m) n (m) (m) (m) (m/s) (kg) (kg/m?)
v Left 22 33 11 89 ANFO 497 11 1 12 2 4905 50.74 0.39
Middle 3.1 2.35 11 89 ANFO 4.97 14 1 12 2 4905 50.74 0.49

Digital image processing was employed to determine the in situ block size and charac-
terize the particle size distributions, as presented in Figures 4 and 5. The results indicate
D5 of 3064 mm and a Psy of 437 mm in the left zone, the middle zone yielded a D5y of
1931 mm and a P5( of 267 mm. Furthermore, F was calculated to be 85.74% in the left zone
and 86.16% in the middle zone.
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Figure 4. Digital image processing of (a) left (b) middle zone of bench face before test shot.
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The high-speed camera recording showed that the time between the firing of the
first surface capsule and the beginning of the rock movement in the middle zone was
717 milliseconds (Figure 6). In the left part, it took 691 milliseconds. In this shot, where
Nonel capsules with 25 ms surface and 500 ms in-hole delays with a deviation of 16% were
used, the response times of the rock to blasting were calculated as 79.96 ms for the left zone
and 105.96 ms for the middle zone.

b) t=1414 ms

Figure 6. (a) The moment of the surface capsule fired, (b) The moment of rock movement began in
the test shot.

Table 12 demonstrates a strong agreement between the developed models
(Equations (7)—(9)) and field measurements, with consistently low prediction errors of
less than 10%.

Table 12. Comparison of actual results and predicted values.

Field Measures Predictions Error (%)
Region Left Middle Left Middle Left Middle
Tmin (mMS) 79.96 105.96 85.17 102.13 6.5 3.6
F (%) 85.74 86.16 88.99 89.22 3.8 3.5
P5¢ (mm) 437 267 395 244 9.6 8.7

5. Results and Discussion

The study’s results make a substantial contribution to the body of knowledge regarding
the connection between fragmentation efficiency and Ty,

The primary engineering contribution of this study lies in the development of a
comprehensive and integrated model for predicting blast performance. In contrast to the
existing literature, this research extends beyond predicting the response time of rocks to
blasting (T},,;,) (R? = 0.789) by utilizing this predicted value as a direct input to sequentially
estimate fragmentation performance (F, % — R? = 0.803) and ultimately the mean fragment
size (P59 — R% = 0.837). This study is the first to directly integrate the prediction of T,
with the estimation of Ps, thereby establishing a continuous and holistic predictive model.

One of the original contributions of this study is its revelation of the effect of h, on T;;,.
The finding that longer stemming is associated with shorter T,;,, provides a significant
contribution to understanding the mechanism of energy confinement. This can be explained
by the fact that longer stemming confines a much larger portion of the high-temperature
and high-pressure gases, which are crucial for rock fragmentation upon detonation, within
the blast hole. This confinement facilitates easier and faster rock fragmentation, thereby
resulting in a shorter T,;,. Furthermore, another important contribution is the expansion
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of Chiappetta’s [8] emphasis on hole diameter by incorporating I, which depends on both
hole diameter and explosive density, thus offering a more comprehensive approach.

The study’s conclusions about the effects of the parameters on T,,;, exhibit both
notable parallels and divergences with previous research. First, all researchers on this
topic agree that B and T, have an inverse relationship. Similarly, the critical role of
explosive properties parallels the concept of Explosive—Rock Interaction (ERI) emphasized
by Onederra and Esen [22]. Also, this study shows that increasing VoD greatly lowers Tpyin.
This supports the ideas put forward by Onederra and Esen [22].

This study clarifies the uncertainties in the literature regarding the effect of rock prop-
erties. A positive correlation was observed between Ty, and p. Furthermore, the negative
correlation between UCS and T,,;, provides experimental confirmation for Onederra and
Esen’s [22] emphasis on rock hardness. However, this finding is not consistent with the as-
sertion by Segarra et al. [23] that rock type has no effect. Overall, these results demonstrate
that rock properties have a significant impact on T,;;,.

To demonstrate the impact of T,;, on fragmentation, the developed model
(Equation (9)) was applied to the whole range of response time values measured dur-
ing the study (30-185 ms) while preserving the mean parameter values from the current
dataset (q: 0.44 kg/m3, UCS: 98 MPa, U: 0.68 m, and Dsy: 3035 mm). The findings indicated
that the P5p value was estimated at 370 mm (F = 87.80%) at the lower limit response time
of 30 ms and at 474 mm (F = 84.39%) at the upper limit response time of 185 ms. These
results demonstrate that P5) increased significantly by 28.1% when T,,,;, was increased by
about six times (6.17 x). This result validates that longer response has a significant negative
impact on fragmentation efficiency, a finding that aligns with the core relationship between
timing and fragmentation outcomes explored by Voulgarakis et al. [26].

This negative impact of the T}, of fragmentation can be explained based on the theo-
retical framework concerning the fragmentation mechanism. The first and most important
possibility is that the high-pressure and high-temperature gases formed as a result of the
detonation may not maintain their pressure and drop before fragmentation is complete.
According to theory, the ability of these high-energy gases to propagate through existing
discontinuities within the rock is due to the high pressure they possess. An increase in
the rock’s response time to blasting likely means this process will progress more slowly.
According to the predicted scenario, this delay could allow the gases to escape early from
the borehole, seep into pre-existing crack intervals, or expand, cool down, and lose their
critical pressure levels. It can be proposed as a probable outcome that gases with reduced
pressure cannot transfer sufficient energy to the crack tips, and crack propagation is halted
prematurely. This situation is expected to result in insufficient fragmentation and larger
blocks. A second possible explanation is the disruption of the timing and synchronization
between the sequential stages assumed to be necessary for effective fragmentation. Ac-
cording to theoretical models, the timing between the shock wave creating micro-cracks
in the rock and the gases expanding and extending these cracks should be near optimal.
It is predicted that a long response time may cause a timing discrepancy by creating a
disadvantage between these two critical stages. It is likely that by the time the gases reach
the crack zones, the effect of the shock wave may have already diminished, or the crack
tips may no longer be amenable to propagation.

Building upon this relationship between timing and fragmentation, a comparative
analysis was conducted between the model developed in this study and the approach
proposed by Voulgarakis et al. [26] (Figure 7), which also explicitly relates F to T},;,,. How-
ever, a critical limitation of the model by Voulgarakis et al. [26] (Equation (4)) emerges
as the fragmentation process becomes more efficient: when the mean in situ block size
exceeds 7.116 times the mean particle size (corresponding to a fragmentation ratio, F,
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exceeding 85.95%), the predicted T,,;, value approaches infinity. Since modern quarry
operations target high fragmentation values (typically between 83.02% and 96.47%), the
model developed in this study demonstrates superior and practical performance within
this critical range. A comparison of 26 data points where both models are applicable
(F < 85.95%) revealed that Equation (7) from this study achieved a Mean Absolute Percent-
age Error (MAPE) of 18.90, significantly lower than the MAPE of 54.26 for Equation (4) from
Voulgarakis et al. [26]. These results underscore that the current study provides an alter-
native tool with high applicability in the high-efficiency fragmentation range demanded
by industry.
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Figure 7. Comparison of the actual T,,;, values and predicted T,,;, values by Equations (4) and (7).

While Onederra and Esen’s model [22] is theoretically valuable, its reliance on complex
parameters (e.g., ERI, Kyss, Er) often makes it impractical for field measurements. In con-
trast, the models developed in this study utilize readily available parameters, making them
significantly more user-friendly for engineering applications. This enhanced practicality
provides engineers with a more viable and efficient tool for use in the field.

The proposal by Chiappetta [8], who introduced the concept of T, to the literature,
has been re-evaluated in light of the dataset generated in this study. Chiappetta suggested
that the inter-row delay time should be 1.5-3 times T,,,;,. However, the ratio was observed
to vary between 0.5 and 5.9. Interestingly, although the number of data points falling
within Chiappetta’s proposed range was relatively limited (16 data points), no statistically
significant difference in fragmentation performance was observed across the different ratio
intervals (0.5-1.5, 1.5-3, and 3-5.9). Nevertheless, the dataset’s exceptionally fine post-blast
particle sizes and the notably high F imply that the specific charge values applied may
have been significantly greater than the energy necessary to fragment the respective rock
masses. The use of such high specific charge values may have masked the potential effects
of Chiappetta’s proposed optimal delay interval, preventing its validation under these
conditions. Thus, more research examining the viability of Chiappetta’s suggestion under
more regulated blasting circumstances with an optimized specific charge is necessary and
would be beneficial to the field.
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6. Conclusions

This study presents a novel methodology for the estimation of T, a critical parameter
that directly affects fragmentation efficiency in blasting operations. Unlike the existing
literature, this study not only estimated T),,;, but also used this parameter as a direct input in
an integrated model that sequentially predicts fragmentation performance (F, %) and mean
fragment size (P5p). The developed model offers a quantitative improvement compared
to existing practical models, with high prediction accuracy (R? = 0.789 for T,,;,, R? = 0.803
for F, R? = 0.837 for Psp) and low error rates (MAPE: 16.56% and 2.62%, respectively),
constituting a more reliable and applicable alternative within the industry’s high-efficiency
range (F > 83.02%).

The experimental results of the study clearly showed that T,,;, is an optimizable vari-
able through controllable parameters such as blasting design and proper explosive selection.
Specifically, the determining effect of design parameters like burden and stemming length,
as well as rock properties like velocity of detonation and rock’s unit volume weight and
uniaxial compressive strength on T},,;,, was modeled. One of the most important findings
is the first-time demonstration that longer stemming reduces T,;, by increasing energy
confinement. Furthermore, it was experimentally proven that a 6.17x increase in T}, leads
to a significant 28% increase in Psp, quantitatively demonstrating the negative impact of
long response times on fragmentation efficiency.

The primary engineering contribution of this study is that it presents an integrated
prediction model that transforms theoretical complexity into practical applicability, using
parameters that can be easily measured or controlled in field conditions. It provides
engineers with a practical tool to achieve better fragmentation quality and operational cost
advantages by optimizing the timing of the interaction between blasting energy and the
rock mass.

A limitation of the study is that, although the experimental data range is consistent
with the framework of established blasting guides recommended by authorities such as
Langefors and Kihlstrom [36], Olofsson [37], and Jimeno et al. [5], the validation of the
model needs to be tested in different geological environments and wider parameter ranges.

In conclusion, this research paves the way for more efficient, controlled, and optimized
blasting practices by highlighting the critical role of T,,;, on fragmentation performance. In
light of these findings, the following directions are suggested for future research:

1.  Advanced geological mapping in each rock mass should be carried out to identify
rock mass anomalies (intense fracture/jointed zones, voids, etc.) that are difficult
to detect with ordinary and classical methods. It will enable the development of
new approaches that increase T,;, prediction accuracy. In this context, the goal
is to investigate the direct effect of discontinuities on T,,;, with increasing R? and
decreasing MAPE values.

2. Future research should focus on integrating the prediction equations for T,,;, and F
developed in this study into blasting simulation software and optimization algorithms.
By inverting these models, the optimal blasting design parameters—such as burden,
spacing, specific charge, and stemming length—could be predicted to achieve a
targeted fragmentation distribution and post-blasting particle size. It is recommended
that such tools be developed to bridge the gap between predictive modeling and
operational design, allowing for the optimization of blast parameters and explosive
selection based on specific rock mass behavior.

3. Unlike this study, it should be planned to quantify the relationship between inter-row
delay time and T, for optimal fragmentation in scenarios where the specific charge is
optimized for a larger but still acceptable particle size. This study will significantly con-
tribute to understanding the practical validity of the range proposed by Chiappetta [8].
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