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Abstract: The dominant technology in hard rock mining is drilling, and blasting; therefore, the 

importance of fragment size estimation is an essential problem in the mining, industry. By using, a 

theoretical foundation that explains rock-fracturing, mechanisms by blasting, a 3D fragmentation 

model with general applicability was developed. The main capabilities of the model are the ability to 

consider different and complex blasting, patterns, both with parallel and non-parallel boreholes, and 

different explosive and rock properties. The geological input of the model is defined by generating, 

the primary blocks within rock mass using, discrete fracture networks. The model handles different, 

complex geological setups and blasting, scenarios that include bench, ring, and tunneling blastingj. 

Also, it considers borehole deviation, misfires, and the influence of previous blasts. Full-scale ring, 

blasts were carried out to validate the model against real-world data, and the results showed a 

high level of agreement between model predictions and in situ data. In situ data were collected 

using, image processing, methodology and WipFrag, v4 software. X50 and X80 size values showed a 

maximum error in prediction of around 15%, while RŽ values between fragmentation curves were 

approximately 90% without a detailed model calibration to the obtained data. 

Keywords: blasting; fragmentation; explosives; rock; fracture; mining, 

1. Introduction 

Hard rock mining relies on drilling and blasting technology as the dominant method 

or rock breaking and further mineral extraction. The methodologyy assumes that several 

drill holes are drilled in a specific pattern, filled with explosives, and initiated in a precisely 

defined order. Explosive detonation generates pressure wave and forms numerous fractures 

in the rock mass that intersect with preexisting, rock joints and newly formed blast-induced 

ractures, eventually forming rock fragments of different sizes and shapes. Rock fragments 

orm a muckpile that is loaded and carried to the mineral processing plant for further 

scaling and chemical treatment. 

Different sizes and shapes of rock fragments are generated depending on the blasting 

pattern, type of explosives, and rock properties. Loading, such rock is difficult if fragmen- 

ation is coarse, and further on-site scaling, is required. This requires additional mining, 

equipment, workforce, time to perform operations, and, from a business point of view, 

operational cost increases that could be avoided by better engineering. Difficulties also arise 

in processing, plants where coarser fragmentation leads to faster wearing of the equipment 

and increased maintenance costs of crushing, and grinding, equipment, resulting, in overall 

time and cost increase for production. On the other hand, finer fragmentation may result 

in losses if brittle minerals are extracted. Their improper blasting, will result in a dust-like 

consistency that is hard to load and transport to a processing plant. 

Different mining, methods utilize different blasting patterns. Open-pit mining, domi- 

nantly uses blasting patterns with parallel blast holes, and in such situations, fragmentation 
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is easier to control by pattern adjustments. Also, the size distribution of rock fragments is 

much more uniform since the spacing between blast holes is uniform. Underground mining, 

methods rely on various blasting patterns for rock breaking, where development openings 

are excavated using, complex blasting patterns to achieve the desired shape of the opening. 

Yet, there is ring or fan blasting where blast holes in the pattern are differently spaced along; 

heir length. These situations result in ununiform fragment size distribution and loading; 

difficulties, and additional scale requirements may result in much more complex problems 

or mining, production. A typical case is a sublevel caving, where ring, patterns are the 

base of the method and where fragments form gravity flow highly dependent on fragment 

size and spatial size distribution. Fragmentation in sublevel caving is one of the critical 

parameters and may compromise the whole method if blasting is not carried out with care. 

Geology significantly impacts fragment formation since the structural setup of rock 

mass defines conditions in which fragments are formed. The spacing and orientation of rock 

joints have a significant impact since those joints prevent the propagation of blast-induced 

ractures [1-3]. Therefore, the primary rock blocks” size, shape, and spatial distribution 

dominate fragment formation and are only partly considered by available models. 

Estimating, blast fragmentation has been essential in mining, engineering, practice 

and research, where different methodologies have been developed over a long time. The 

Kuz-Ram model is widely used for predicting, blast 

Based on Rosin-Rammler distribution [4—7], it is still 

ragmentation in mining, operations. 

the dominant methodology for blast 

fragmentation assessment, considering geological, drill, and blast properties. The model 

has been widely validated throug}h field trials and fo 

blast fragmentation in various mining operations. TI 

using parallel blast holes, while ring blasting cases ar. 

Application of the Kuz-Ram model for ring, b. 

Kiruna and Malmberget mines in Sweden, with large- 

'und to be an acceptable predictor of 

he model can predict fragmentation 

e not as extensively investigated [8]. 

asting, was investigated within the 

scale sublevel caving, operations [8]. 

The Kuz-Ram model was modified to meet mines! req uirements where blast fragmentation 

significantly affects overall production effectiveness. The model had limitations due to the 

problems related to determining rock factors, mean fragment size, and handling, of the area 

where rock is broken due to the crater effect. Representation of the primary rock blocks 

was identified as an issue as well. It should be noted that sublevel caving ring blasting is a 

specific case since it is done in confined conditions. The presence of fragmented rock in 

front of the free surface limits the movement of the blasted rock. It reduces its subsequent 

fragmentation related to fragment interaction and ground impact, which are common in 

unconfined blasting conditions. 

Models developed by Julius Kruttschnitt Mineral Research Centre (JKMRC) are based 

on the Kuz-Ram model and tend to overcome its limitations regarding, fines estimation. 

These are known as the “Two component model” |[9] and “Crush zone model” [10,11]. 

Further improvements in fragmentation assessment, especially in the estimation of fines 

content and optimization, were made by introducing, the Swebrec function [12]. The 

Fragmento model within JKSimBlast v2 software [13,14] made a step forward by providing; 

capabilities to handle more complex blasting, patterns used in underground mining,. 

Aegis [15,16] is a powerful tool used for blast design within underground mines 

focusing on ring blasting. Unlike other models, it analyzes not a single blast but the whole 

stope and provides optimal ring design considering all relevant factors. Its core is related 

to the breakage zone analysis around the explosive charges in 3D, making it possible to 

estimate the void space formed after the blasting, and dilution while matching the desired 

fragmentation for the loading, process. 
The models mentioned above provide analytical solutions with acceptable prediction 

accuracy. As discussed herein, geological setup in available models is not represented in the 

most usual manner. Available methodology such as discrete fracture networks (DFN) [17] 

provides an opportunity to capture geological setup as it corresponds to reality and, more 

importantly, to provide spatial insight into the distribution of primary rock blocks that are 

being blasted. The first point in blast fragmentation analysis is primary block distribution 
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in size and space. Additionally, rock joint distribution varies in space, and available models 

do not adequately capture this property. This means that variation in spacing, size, and 

orientation of joints is taken into account only by a single average value, which significantly 

simplifies the system. Numerical methods such as discrete element method (DEM) or its 

derivates are excellent tools for blasting, process modeling, [18-21]. These methods allow 

users to create detailed and complex models to obtain insight into the effects of specific 

blasts. Due to the modeling concept, the bonding of singular particles into macro objects, it 

is possible to simulate pressure wave propagation through the medium and analyze bond 

breaking, over time. The downside of such an approach is an expensive simulation in the 

time and resources necessary to create and process those models. 
The model herein tends to overcome other models' issues and provide an efficient 

and reliable tool for blast fragmentation analysis. The model ground was set through the 

rock fracturing, theory explaining, blast-induced fracture formation mechanisms. Their 

interaction with preexisting, joints in the rock mass and properties of the blasting process is 

herein considered. 

2. Fragmentation Model Fundamentals 

2.1. Fragmentation Mechanism 

Explosive charge detonation creates a pressure wave in the surrounding, rock that 

propagates around the blasthole and is transmitted from one “particle” to another. Bonds 

between particles are stressed in tension and break accordingly, while due to the circu- 

lar/cylindrical shape of the pressure wave front, a radial pattern of fractures is formed 

(Figure 1). The forming of each fragment requires three fracture sets to be generated in 

mutually perpendicular positions. Hence, the length and density (spacing;)) of fractures in 

each set will determine its size. The foundation of the model presented herein is the rock 

fracturing, theory [22], which provides constitutive relationships between rock and explo- 

sive properties for estimating the length and density of blast-induced fractures. The tensile 

nature of radial fractures is investigated numerically [23] and in practical identification [24]. 

compression 

Figure 1. Schematic illustration of radial tension fractures formation [22]. 

The length of radial tension fractures that fall in a specific density zone is calculated 

according to the following relationship [22]: 

o — Py Th 
— k.o.n
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where 

Ton—crack zone radius; 

P,—borehole pressure; 

r —borehole radius; 

_ _U-v) . 
k= (1+L/)(1Lf2v)' 
vu—DPoisson's ratio; 

o}—tensile strength; 

n—number of fractures in the zone. 

For a blasthole with radius r, = 0.051 m and pressure in granite with a tensile strength 

of o = 14 MPa and Poissons ratio v = 0.25, the cracking, zones are as presented in Figure 2. 

To4 Ta 

n 2 4 8 16 32 
r (m) 300 150 075 038 0.19 

Figure 2. Radial tension fracture length and density around the blasthole [22]. 

The high energy of the pressure wave is transferred from particle to particle, and 

at a certain point, this load will reach boundary particles at the free surface (Figure 3). 

Due to highly different densities between air and rock medium, these particles have high 

acceleration towards void space and no rock particles to transmit the load. If the load is 

high enough, those particles form a tension fracture subparallel to the free surface and can 

practically be “torn” from the rest of the rock medium. 

Free surface 

Figure 3. Pressure wave reaching the free surface [22].
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During, the pressure wave propagation, each particle moves forward, transmits the 

load, and tends to return to its initial state. However, due to the plastic nature of rock 

medium, particles will return to a position different from their origin in relation to the 

elastic property of the rock medium or the recoverability of strain energy (Figure 4). 

Recovered 
strain 
energy 

Figure 4. Absorbed and recovered strain energy [22]. 

This phenomenon relationship was developed to estimate distances between tension 

ractures subparallel with the free surface [22]. First, tension fracture is formed at a distance: 

:58 B' .k.o 
7n7Ph'rh'Isr 

where 

B—burden of an explosive charge (B = HSVA a ); _— ) 

lsy—index of strain energ;y recoverability; 

ls = E 
u 

E, = f;; Ji(e)de 

E= y' fa(e)de 

E,—tecoverable strain energy; 

E,—total strain energy (recoverable + absorbed). 

The following,tension crack forms at the distance b;i that is smaller than distance b 

since the tensile strain is larger, so distance bzi is smaller than bi and so on (Figure 5). 

Figure 5. Formation of tension cracks subparallel with the free surface [22].
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The radial tension fractures, after reaching; the free surface, for a rock wedge that is 

being subjected to the loads and a third set of blast-induced fractures, are formed. This 

hird set is perpendicular to the free surface or the face of the excavation (Figure 6). 

Sh
oc

k 
fr

on
t 

Figure 6. Formation of blast-induced fractures perpendicular to the free surface [22]. 

2.2. Principles of Rock Fragmentation by Blasting 

Explosive charge detonation generates a pressure wave that propagates in a cylindrical 

shape around the blast hole. The propagation of a high-energy pressure wave results in 

a tensile load between rock particles and the formation of tensile fractures. Any existing, 

discontinuities in the rock medium will prevent wave propagation between rock particles 

since there is no physical connection between them. Therefore, preexisting, rock mass joints 

will limit the length of blast-induced fractures if their infill is weaker than the primary rock 

medium or if there is no infill material. 

The principle, as mentioned earlier, is essential for rock mass blasting, and proper 

blast design since primary block size and distribution in space will influence blasting 

results. Preexisting joints separate primary blocks in the rock mass, and to reduce their size 

by blasting, the explosive charge must pass through a single primary block. Otherwise, 

oversized fragments will be formed, which is an undesired outcome in every blasting situa- 

ion, especially in underground environments with constrained space conditions. Besides 

constrained space, mining, methods such as sublevel caving, may experience significant 

performance decline and disruption of the gravity flow. 

Figure 7 illustrates radial tension fracture formation in a monolith rock medium and 

ractured rock mass. This is one of the main principles used in the 3D fragmentation model 

presented in this paper. 

Figure 7. Tension crack formation in monolith and jointed rock.
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3. Three-Dimensional Fragmentation Model 

Excavation in hard rock by blasting: assumes that explosive charges are placed in 

drilled holes ordered in specific patterns. Rock mass itself is defined as a set of rock blocks 

separated by joints known as primary rock blocks with their size. The blasting, process 

removes parts of the rock mass and scales down the size of rock blocks (later fragments) 

to load and remove such material easily. In certain situations where rock mass is highly 

jointed, blasting is used only to initiate the movement of rock material so it can be loaded. 

The common practice assumes that the blasting,  process is designed so that the primary 

crushing, process is avoided to reduce the costs of material handling after blasting.. 

Rock mass features, such as joints, stope shape, and blasting, patterns, are easily 

geometrically represented; the model presented herein utilizes such geometrical features 

o define both size and spatial fragment distribution. Constitutive relationships for the 

estimation of blast-induced fracture lengths and densities around blast holes with spatial 

orientation and position of holes create a foundation for the analysis of rock breaking, 

under complex conditions. Such capabilities make it possible to provide insights into rock 

ragmentation with both bench and ring blasting patterns, even patterns as complex as 

hose found in development or tunneling blasts. Hole geometry can be captured accurately, 

making it possible to account for their deviations or exclude them from analysis in case of 

risk assessment for misfire occurrence. 

The model is implemented as a Rhino3D plugin and relies on its API to analyze 

he fragmenting, process. The plugin is written in C# and utilizes multithreading, for 

computational efficiency since the concept is to estimate the size and position of many 

ragments, counting, more than 100 k fragments for simple models. 

3.1. Model mput 

The fragmentation model was conceptualized to capture all input parameters of the 

blasting, process, which are related to rock and explosive properties as well as the pattern 

being used. The rock properties required for the model are the tensile strength of monolith 

rock, its Poisson ratio, and strain energy recovery index. To model the blasting process in a 

representative geological setup, discrete fracture network (DFN) was used to represent the 

structure of the rock mass and its primary blocks. 

Explosive properties are used to estimate pressure inside the borehole after its deto- 

nation. For these purposes, it is necessary to know the velocity of detonation (VOD) and 

density of the explosive since those parameters directly influence the resulting detonation 

pressure. Borehole and charge radius are required for the same purpose because the ratio 

between the hole and charge radius influences pressure reduction inside the borehole if 

those radii are not the same. 

The third group of input parameters is related to the geometry of the blast and tends 

to capture the designed positions of the explosive charges, their orientation, and initiation 

sequence. Finally, a solid block representing, a stope shape must be defined. The model 

input is illustrated in Figure 8. 

3.2. Primary Blocks in the Rock Mass and Model Geometry 

Proper blast fragmentation analysis requires that geological features are accounted for 

a significant impact on results. The model considers this by introducing , a discrete fracture 

network (DFN) that describes the spatial distribution of preexisting, joints in the rock mass 

that will impact pressure wave propagation in the rock mass. DFN captures orientation, 

size, and spacing, between joints and is a well-known method in rock engineering, used to 

represent the structural properties of the rock mass. 

The model requires that the initial “solid” block is defined at the first step, and then, 

DEN is introduced for analysis. The goal is to obtain as representative as possible a primary 

block size distribution, which is performed by splitting the initial “solid” block by fractures 

in DFN. Firstly, fractures contained within DFN are sorted in descending order by size. The 

first fracture in the sequence splits the solid block completely, resulting in tvo newly formed
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blocks. The subsequent fracture in sequence splits the block, inside of which its centroid 

is located. This procedure repeats for all fractures in DFN. There is the second mode of 

splitting, where fractures are sorted in the same manner, but each fracture splits all the 

blocks it has intersected with. Which mode should be used is determined by returning to 

the structural setup of the certain rock mass. The result is a set of primary blocks distributed 

in space that is further to be fragmented by explosive charges that pass through them. 

Tensile strength 

Poisson ratio 

Rock properties 
Strain energy 

index 

DFN 
— 

č VOD 5 
[] 
u 

Density a 
Explosive [U] 
properties [e1 

Hole radius = 
|3 
= 

Charge radius = 

Charge position 

Initiation 
sequence Blasting pattern 

Stope shape 

Figure 8. Fragmentation model input diagram. 

As previously said, only blocks intersecting with the borehole and containing, an 

explosive charge within will be fragmented by explosive detonation. Figure 9 illustrates the 

process of model geometry preparation, where the block to be mined is split by preexisting, 

joints, and a set of primary blocks is defined. In the next step, explosive charges are 

incorporated into the model. As can be seen, some of the primary blocks do not or only 

partially contain an explosive charge inside them. 

Each explosive charge is defined by explosive properties (density and detonation 

velocity) that determine the pressure inside the blast hole. The geometry of the blasting, 

pattern defines the position of each charge. Each charge is labeled by its number in the 

initiation sequence within the pattern.
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Figure 9. Initial model geometry. 

3.3. Blasting Patterns and Charge Initiation Sequence 

Mining production in hard rock, where blasting, is the primary excavation technique, 

assumes the application of different blasting patterns suitable for given conditions. Open-pit 

and most underground mining, methods rely on blasting; patterns where boreholes are parallel, 

which is simple and efficient in design and execution. However, there are methods where ring; 

blasting, with non-parallel boreholes is applied in underground mining conditions. 

The problem with non-parallel boreholes is that the spacing, of explosive charges is 

not even along the borehole”s axis, so rock fragmentation is influenced. This is especially 

emphasized in underground mining conditions since areas where explosive charges are 

close to each other may experience excessive generation of fines or overbreak of the rock 
mass. Fines usually do not provide additional operational problems except for larger 

explosive consumption or mineral losses, while overbreak may influence difficulties in 

subsequent blasts. In cases where ring blasts are not adequately designed, oversized rock 

blocks are encountered, raising, the need for downsizing, and increasing, time consumption. 

Non-uniform spatial size distribution of blasted fragments has the most influence in 

sublevel caving, operations, directly impacting, gravity flow and economic outcome. In 

summary, proper estimation of fragment size distribution and even their spatial positions 

has a crucial impact on mining and economic efficiency. 

The model presented herein can handle parallel, non-parallel, or even arbitrarily 

placed boreholes. Each explosive charge is represented by a line or polyline using, Rhnino3D 

built-in capabilities. Therefore, every charge has its properties, such as spatial position, 

length, and direction, that determine its interaction with primary rock blocks and other 

charges. The initiation sequence is a critical parameter for successful blasting, and each 

chargjee in the model is assigned a unique number representing its position in the firing, 

sequence (Figure 10). This is carried out during, the model preparation phase and is a 

mandatory parameter. 

Besides mentioned, the influence of previously fired explosive charges is also con- 

sidered. Previous charges induce additional fractures in the rock mass, changing initial 

conditions for fragmentation analysis. Only radial fractures are considered within previous 

explosive charges since pressure wave propagation will not reach the free surface, and its 

energy will be spent without forming other fracture sets.
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Figure 10. Explosive charge sequencing, within blasting, patterns. 

3.4. Fragments Computation 

Fragment computation is carried out by splitting previously generated primary blocks 

in an analogous process, as described in Section 3.2. The process consists of several steps 
that repeat for each explosive charge in the sequence. At first, borehole orientation is 

determined, and primary blocks intersected by explosive chargje are selected for further 

splitting. As stated in Section 2.2, only blocks that contain an explosive charge within them 

will be fragmented and subjected to the influence of explosive detonation and the resulting; 

pressure wave. In this procedure, the length of the total explosive charge is increased to 

account for the crater effect at the ends of the explosive charge. This increase is equal to 

70% of the burden (B). Figure 11 illustrates the complete fragmentation process. 

Figure 11. Schematic presentation of the fragment computation procedure.



Appl. Sci. 2023, 13, 8316 11 of 23 

Secondly, blast-induced fractures are generated along; the blasthole axis, with size 

and density explained in Section 2.1. Each filtered primary block is then subjected to the 

splitting, process, where generated fractures are sorted in descending order by their size. 

Then, it is tested if the fracture completely splits a single block. 1f the fracture is not splitting, 

the block completely, then the splitting of the block is determined by the percentage of the 

block being cut by that same fracture. If the area of intersection is more than 50% of the total 

cross-section area along that fracture, the block is split and vice versa. If the fracture splits 

a completely tested block, then two new blocks, now fragments, are created, and both of 

these new fragments are tested for splitting, against remaining, blast-induced fractures. If no 

new fragments are made from the current primary block, the splitting, process is continued 

to the following, primary block in sequence until all selected blocks are tested for splitting, 

against blast-induced fractures from the current charge. This process repeats for every 

explosive charge in sequence. 

3.5. Postprocessing 

Different shapes and dimensions of fragments are created during, fragment computa- 

tion by splitting, primary rock blocks. In some cases, elongated or thin fragment shapes 

are computed, which is usually a rare or impossible situation in practice due to material 

movement and interaction leading to additional fragment splitting. To obtain results as 

close to reality as possible, postprocessing, of fragments is performed at the end of the 
computation cycle. 

This process consists of analyzing, each fragment and determining its elongation or 

thickness, assuming the resulting fragments will be close to an isometric shape. Fragment 

dimensions are determined along its axes; if the ratio between the longest and shortest axis 

exceeds 1.5 fragment, it is then split into halves at the middle of the long axis. This iterative 

process repeats until all newly formed fragments satisfy the defined criteria. Figure 12 

illustrates this procedure and its outcome. 

Figure 12. Illustrated post-processing, procedure. 

3.6. Fragmentation Analysis 

After the generation of fragments, their size distribution is determined by analyzing, 

each fragment. In practice, this is determined by sieve analysis, where fragments are
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classified by their remaining, quantity at each standardized size class [25]. Results obtained 

in this manner consist of known sieve size and the measured amount of material for that 

class. In the end, a graphical expression of the results is performed. 

For each fragment, its size is determined by computing, the bounding, box of the 

fragment and then determining, the longest edge of the bounding box. In such a manner, 

the fragment size determination is as close to the sieve analysis as possible. To determine 

the final size distribution of generated fragments, it is necessary to understand mass 

distribution by computing, each fragment's volume using, Rhino3D's built-in capability. 

3.7. Range of Application 

The model can capture fragmentation by blasting in most common blasting, scenarios 

and therefore has general applicability. The range of applicability covers blasting of different 

scales and pattern complexity. 

Even if not used besides in research, the first application case is the possibility of mod- 

eling fragmentation of specimen-sized monolith rocks blasted in a laboratory environment. 

Such cases are reported in the literature [26] and are used for blasting process optimization 

where laboratory results are scaled up to the in situ application. Figure 13 illustrates an 

example on a laboratory-scale rock specimen blasted with a single explosive charge along; 

the specimen”s long axis. 

Figure 13. Specimen blasting on a laboratory scale. 

The fragmentation model's general applicability is further explained by its ability to 

model blasting, with parallel and non-parallel explosive charges. For the model capability 

explanation's sake, each explosive charge may be of different explosive types and sizes. 

The most common blasting situation in both surface and underground conditions is bench 

blasting, i.e., a case where explosive charges are parallel. Also, spacing between explosive 

charges is uniform in this case, and the resulting fragmentation has even spatial distribution 

with minor or no variations. 

In underground mining, many blasting, scenarios are used, especially with ring blast- 

ing, where highly complex cases may occur. This relates to cases with sublevel open 

stoping mines where single sublevel drift ring, designs may vary depending on ore body 

morphology. Ring blasting scenarios have already been discussed in more detail within 

previous chapters, and examples were given.
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The development of underground mines in hard rock conditions differs from typical 

production blasts due to pattern complexity and initiation sequence. These blasts start 

with closely spaced cut boreholes, usually spaced by 20 cm, in order to open additional 
free surfaces. The cut is followed by additional boreholes placed around it. Still, the 

spacing, between those boreholes is subsequently increased until the final spacing (burden) 
is reached, or the contour of the underground opening is reached. In such cases, the 
fragmentation of blasted material is different in each blasting, sequence only because of 
spacing, between boreholes, which creates an extremely difficult case for fragmentation 
estimation. The practice has shown that most such blasts result in fine fragmentation where 
explosive usage is increased above the optimal level. The jointing, conditions of the rock 

mass may influence oversized fragmentation and difficulties with the loading, process if 

such a case is not predicted and adequately solved. 
Currently, available models do not provide such capabilities for fragmentation estimate 

in tunneling; therefore, herein, this capability is presented for the case of underground 
mine development. Figure 14 illustrates the blasting pattern used for model capability 

illustration. As seen, there are different zones where the spacing, between boreholes and 
their spacing, away from the free surface is different, and therefore, the fragment size will 

differ in each zone (Figure 15). 

Figure 15. Model before and after processing.
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3.8. Consideration of Previous Blasts 

Each blast will result in more or less damage to the surrounding; rock mass by inducing, 

additional fractures, hence reducing the size of the primary blocks. This damage may be 

significant in production blasting, and its influence on fragmentation is an essential factor 

to consider. 

The 3D fragmentation model considers the influence of the previous blasting by 

generating radial blast-induced fractures from the location of the previous blasting pattern. 

Although it is not required, the user can specify a previously used blasting, pattern that 

may be the same or different as the main blasting, pattern, and the model will generate 

additional fractures to be considered in the fragment computation stage. 

3.9. Consideration of Borehole Deviations and Charge Misfire 

Modern mining production relies on drilling long boreholes with a length that exceeds 

several decameters. In such a manner, production is optimized so that less labor and fewer 

materials are used per unit of production, resulting in overall cost reduction. Such long; 

boreholes will have deviations depending on the quality of the drilling; equipment, rock 

conditions, and drilling pattern. Borehole deviation may influence significant problems 

in production, especially in mining, methods where drilling, precision is a crucial parame- 

ter, such as ring blasting in underground conditions where deviation influence is highly 

emphasized. Deviation influences larger spacing, between explosive charges, leading, to 

coarser fragmentation in that area or increased fines in an area where explosive charges 

are brought closer. Implications are sometimes so severe that the stoping, process may 

be compromised. 
The model can analyze the influence of both deviated boreholes and undetonated 

explosive charges on fragmentation outcome. 

Borehole deviation is considered straightforward since blast-induced fractures are 

generated around a curve representing the borehole axis. Primary blocks to be tested for 

splitting, are filtered by the intersection of such deviated boreholes and primary blocks. 

The main difference in this case compared to ideally drilled boreholes is that the spatial 

position of blast-induced fractures is changed, meaning that certain fragmentation zones 

within primary blocks will have limited extents, and final results vary accordingly. 

Misfire means that certain explosive charges in sequence failed to be initiated for 

some reason, and this process is modeled by excluding this explosive charge from the 

initiation sequence. This results in unfragmented primary blocks that would be fragmented 

otherwise by the explosive charge that suffered a malfunction (Figure 16). 

3.10. Batch Processing for Multiple Scenarios Consideration 

Rhino3D has built-in scripting, capabilities with Python programming language [27] 

that make it possible to perform batch processing of specific models and test them against 

input data variations. 

This makes it easy to support decision making about what drill and blast parame- 

ters will provide optimal fragmentation for the given conditions. Testing the influence of 

different borehole diameters and different explosives may provide insight into the best eco- 

nomical excavation solution. Different hole diameters may influence equipment selection 

and drilling speed, where significant cost optimization may occur, as well as the selection 

of proper explosive type with its contribution to overall cost optimization. 

Python scripts in Rhino allow the user to utilize Rhino commands or plug-in com- 

mands and manipulate them according to their needs. This means the user may repeatedly 

use the same command with different input parameters to achieve the ultimate goal. Simi- 

larly, python script can process the same model geometry against different input data, such 

as blasthole diameters and explosive properties, or even generate different DFN variants to 

achieve a broad spectrum of results. 

After numerous fragmentation curves are available, it is significantly easier to make 

the proper decisions regarding, what drill and blast parameters are optimal and what
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the possible outcomes are. Besides determining optimal drill and blast parameters, it is 

possible to predict the probability of oversized blocks and improve plans and schedules 

accordingly. Also, the economic assessment may imply that adjusting the blasting pattern 

by inserting, additional boreholes may be more cost-effective than handling, oversized 

blocks after the blasting. 

Figure 16. Borehole deviation and charge misfire modeling. 

3.11. Model Parameters Variability Influence on Fragmentation 

To be a valid, a model has to provide results that are close to those expected before its 
calibration as well as behave according to practically determined and logical patterns. This 

section provides insight into model behavior against different input parameter values. 

3.11.1. Variation of Explosive Properties 

Explosive properties are the main parameters influencing fragmentation outcomes by 

influencing, different pressures inside the blasthole. The achieved pressure will directly 

affect the size of the cracking, zones around explosive charge and, therefore, the size of 

the fragments. 

Several parameters have an impact on pressure, and those are explosive density and 

velocity of detonation as well as hole diameter, which has an impact on the amount of 

explosives in the charge. The effect of increasing, any of the aforementioned parameters 

is increased borehole pressure. Increased pressure will influence finer fragmentation and 

vice versa. 

3.11.2. Rock Strength Influence 

The influence of rock tensile strength on fragmentation is the opposite of the explo- 

sive pressure influence, meaning that with lower tensile strength, the cracking, radii are 

larger and vice versa. The fragmentation model considers this at the fundamental level of 

its formulation. 

3.11.3. Rock Mass Jointing, Influence on Fragmentation 

The influence of rock joints on the size of blasted fragments is seen through two sepa- 

rate influences. First, joints are discontinuities in rock medium and will limit propagation



Appl. Sci. 2023, 13, 8316 16 of 23 

of the pressure wave and, therefore, the extent of blast-induced fractures if there is soft or 

no infill inside the joints. Second, joint orientation also influences the blast-induced fracture 

extent, where the most significant influence is seen when the orientation of rock joints is 

approximately perpendicular to the blast-induced fracture or close to parallel orientation 

with a free surface. Otherwise, when the orientation of the rock joints is close to parallel 

to the orientation of blast-induced fractures, the influence is reduced or negligible. The 

density of the pre-existing, rock joints will impact the size of the primary rock blocks, and 

when there is an increased number of natural joints, and primary blocks are smaller in size, 

the influence of the explosive on further fragmentation is reduced. This also means that 

the influence of blast-induced fractures is increased with larger primary blocks. These are 

incorporated into the model using, DFN as the main parameter to determine the primary 

block size. DFN usually contains the spatial variability ofjointing in the rock mass, meaning, 

that differently positioned stopes can be modeled in a representative manner by means of 

structural setup. 

4. Case Study 

4.1. Model Setup and In-Situ Conditions 

A full-scale in-situ test was carried out to validate the fragmentation model. The test 

was carried out in an underground copper porphyry mine where the sublevel open stoping; 

mining, method uses a ring blasting pattern. The fragmentation model uses relevant 

laboratory rock mechanics data, in situ geological survey of rock joints, and blasting, 

properties used for production. Fragmentation analysis was carried out by WipFrag [28] 

image processing  methodology [29-31]. 
A geological survey of the production drifts determined there are three joint sets 

(Table 1), with joints without any infill and open. A small percentage of joints (10–15%) 

are filled with soft material, and since the pressure wave cannot propagate through this 

material with the same velocity as it propagates in the main rock, these joints are treated as 

open and are a limiting factor for blast-induced fractures. The stope azimuth is 75 degrees, 

and its orientation is accounted for in the primary block generation process. 

Table 1. Joint orientation and spacing,. 

Joint Set Dip/Dip Direction Joint Spacing, (m) Fillini p/Dip pacing Š 

JS1 84/198 1.2 No fill 

JS2 50/260 1.8 No fill 
JS3 62/098 3.9 No fill 

Rock strength has been determined by standard rock mechanics testing, and herein, 

relevant data for the fragmentation model is reported: 

Tensile strength—5 MPa (average); 

Poisson ratio—0.21 (average); 

Explosive properties are given in Table 2. 

Table 2. Explosive properties. 

Explosive Type ANFO 

VOD (m/s) 2000 

Density (g/cm?) 0.9 

Gas volume (dm?ž/ kg) 1045 

Explosion heat (kJ/kg) 3872 

Explosion temperature (K) 2544 

Min diameter (mm) 50 

Initiation 250 g pentolite booster
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Blasting is carried out by ring, pattern, as illustrated in Figure 17, showing the complete 

model setup. The borehole diameter is 76 mm, and explosive charging is optimized, as is 

seen in Figure 17, where only explosive charges are emphasized. 

Figure 17. Fragmentation model setup. 

'To make the model as representative as possible, the influence of the previous blasting is 

accounted for in the model with the same pattern and explosive parameters. Blast-induced 

fractures of the prior blast are only radial and will influence less-coarse fragmentation. 

4.2. Burden Analysis and Model Pre-Calibration 

In situ production blasts use the explosives and pattern described in previous para- 

graphs. The burden for the explosive charges is 2 m. The fragmentation model determines 

the burden by the following,expression [22]: 

__0.17.Py Tn 
B 

k-o} 

where 

P,—borehole pressure; 

r ı —borehole radius; 
1—v 

k= *(1+(u)(1lf)Tv)" 
v—DPoissons ratio; 

o}—tensile strength. 

Borehole pressure is determined according, to the Chapman-Jouguet detonation the- 

ory [32,33], and expression for explosives with density above 1 g/ cm9 is as follows: 

_Pa'DZ P, 
d 8 

where 

pe—density of explosive (g;/cm*); 
D—detonation velocity of explosive (km/s).
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For explosives with a density below 1 g/ cm3, the pressure on the blasthole walls is 

calculated as follows: 

_ pe:Dž 
45 

Therefore, for rock with a tensile strength of 5 MPa that is blasted with 76 mm ANFO 

charge with VOD of 2000 m/s and density of 0.9 g/ cm9, the burden equals approximately 

1 m. This is two times smaller than the actual case. With such burden value and model 

setup, as previously explained, the fragmentation model would compute blast-induced 

fractures that are too small, and complete fragment computation would not be possible. 

The reason for such discrepancy is within the pressure calculation formula. 

To overcome pressure formula limitations, the model was pre-calibrated by increasing, 

borehole pressure to achieve a burden of the same size as was used in production. This 

means that borehole pressure increased from an initial value of 0.8 GPa to 1.68 GPa, 

corresponding, with a burden of 2.01 m in the model. 

Pa 

4.3. Results 

In situ data were collected within the stope approximately one hour after the blasting 

and before loading, the muckpile. Data were compiled using the latest-technology cellphone 

with a high-performance camera and pair of mobile LED reflectors. The lighting and camera 

positioning, were fixed, as suggested by WipFrag's “Sampling, and Analysis guide”. Image 

processing, was performed by qualified technicians using MailFrag service, and the obtained 

results from two underground blasts using a ring, blasting pattern are shown in Figure 18. 

The fragmentation model was prepared as previously described and pre-calibrated for the 

burden used for stope blasting. A comparison between two in situ blasts and model results 

is given in Figure 19. 

i 6 
Size (m} e (mmn)— 

Figure 18. Survey results for blasts B1 and B2 using, WipFrag,  image analysis software. 

As can be seen from Figure 19, fragment size distribution between the model and in 

situ blasts showed a high level of agreement between fragmentation curves. In the first 

40% of the diagram, the model curve passes between two in situ curves, where excellent 

prediction is made for the given conditions. General agreement between the model and in 

situ data continues up to 80% of the diagram, with slight variations that have no significant 

importance for the overall result. Fragment size for the X50 values between the model and 

blast B2 are the same, while the same value compared with blast B1 has an 11.76% relative
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error. In the case of the X80 values, the model prediction has higher values than those 

measured, where the relative error between the model and blast B2 is 4.11%, and between 

the model and blast B1, it is 15.15%. Considering these errors for the X50 and X80 values, it 

can be stated that the model prediction has high reliability (Table 3). 

——Model 

– — Blast 1 

– — Blast2 

0.6 0.8 1 1.2 14 1.6 

Size (m) 

Figure 19. Fragment size distribution comparison between model and in situ blasts. 

Table 3. Fragments size distribution for model and in situ blasts with errors. 

Model(m) _ BlastBi(m) — BlastB?(m) | Relatve fjr)“ r Reve fjr)“ r 

x0 0.00 0.00 0.00 - - 
X10 0.19 0.23 0.18 17.39% 5.56% 

X20 0.26 0.31 0.24 16.13% 8.33% 

X30 0.34 0.37 0.30 841% 13.33% 
X40 0.40 0.44 0.37 9.09% 8.11% 

X50 0.45 0.51 0.45 11.76% 0.00% 

X60 0.52 0.56 0.55 7.14% 5.45% 

X70 0.60 0.62 0.64 3.23% 6.25% 
X80 0.76 0.66 0.73 15.15% 4.11% 

X90 1.00 0.76 0.88 31.58% 13.64% 

X99 1.50 0.80 0.88 87.50% 70.45% 

The model generally agrees better with blast B2, where a relative error has a maximum 

value of 13.33% for a range between X10—X80. In the case of blast B1, relative errors are 

slightly higher than with a second blast, and for the size range of X10-X80, the maximum 

relative error is 17.39% for the X10 sizes. 

The size range above X80 shows that model prediction has increased relative error in 

both cases, where the comparison with blast B1 has a 31.58% difference, and B2 has only 

13.64%. The maximum estimated value according to the model is significantly higher than 

those measured in situ. Even though this is only a small fraction of the total muckpile 

maximum size, this may imply the necessity for further scaling, of the material. Reasons 

for this discrepancy may be found in the model and the image processing size distribution 

methodology. As with any other digital model, the first model may provide errors due to 

imperfections and inevitable simplifications of reality. In other words, capturing, exact in 

situ conditions and representing, them within models is still impossible. Also, due to its 

nature, the mining industry is one of the few where data variations are increased. Another 

possible reason for the discrepancy between the maximum sizes may be that by image 

processing, methodology, one captures only one part of the muckpile that is available for 
photographs. This means that the actual fragment size may differ from the one that is
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determined, and some fragments are not shown, as they are found within the deeper part 

of the muckpile. 

In means of an agreement between fragmentation curves, it can be said that R? values 

are 89.97% between the model and blast B1 and 92.48% between the model and blast 

B2. These values are high and obtained by only a pre-calibration procedure based on 

burden analysis. 

5. Discussion 

The fragmentation model presented herein is based on theoretical work that describes 

the rock fracturing: mechanism by blasting [22]. This work has been previously applied for 

estimating blast-induced damage of underground openings [34], and its further applica- 

bility was continued by constituting a 3D fragmentation model with general applicability, 

Wwhich is the subject of this manuscript. 

As explained in previous chapters, the model has general applicability in considering; 

different blasting patterns and variations of both rock, explosive, and geometrical param- 

eters of the blasting. It reflects the variation of input parameters as expected, meaning, 

hat the model constitution may be considered valid since it incorporates all essential 

parameters, and results are affected by their variability in an expected manner. This means 

hat pressure increase will lead to finer fragmentation, as is the case with decreasing, rock 

strength. Also, the same is true considering the influence of the previous blasts, DFN pa- 

rameter change, and geometry variation of the stope and blasting patterns. It is important 

o state that model is in its prototype stage of development, and further improvement and 

capability development is expected. 

In terms of comparison with other available models, the model presented herein 

has the potential of application to any blasting, scenario used in practice, whether it is 

bench, ring, or tunneling blast; even arbitrary blasting patterns could be analyzed. Other 

models are case-specific and usually work with one of the possible scenarios, while their 

modifications to work in more general applications did not provide significant results. 

Being developed in 3D space, it can handle the spatial variability of rock mass structural 

and mechanical properties in space and handle borehole deviations, misfires, and dif- 

ferent explosive properties. All these capabilities contribute to the universality of the 

proposed model. 
Further development should consider the efficient handling, of complex blasting 

patterns with a large number of boreholes, and this is a code-wise improvement. Core 

capabilities will consider blasting in different crustal stress conditions and its influence 

on blast-induced fracture lengith and orientation, which is especially important for deep 

underground mines. Blasting in confined conditions, such as in sublevel caving mines, 

is one of the research topics where the model could provide new insights, especially if 

coupled with gravity flow models, to assess the fragmentation influence on the recovery 

and dilution of ore. Due to the geometrical foundation of the model, fragmentation results 

are easily exported to the discrete element codes where each fragment can be modeled at its 

place of formation. Also, this relates to panel caving, mines, where undercutting, operations 

rely on ring blasting  and where optimal ring blasting, may influence cost reduction and 

overall productivity improvement. 

Regarding, model validation against real-world data, several full-scale ring blasts were 

carried out to compare model results. The model generally agrees with in situ blasts, where 

R? values are around 90% for both cases. If X50 and X80 values are compared, the maximum 

error between the model and tests is around 15%, which is, in practical means, excellent 

prediction. A higher discrepancy between the model and tests is seen in values above 

X90 and in determining the maximum fragment size. This may be for different reasons 

associated with model and fragmentation survey methodology. As said, the model was 

only simply pre-calibrated by burden analysis, and no post calibration was carried out. 

Since the model creates fragments in the form of geometrical solids, there is the capability 

to identify fragments or areas of the model where the discrepancy is found and then to treat 
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that area differently to match in situ data. Other options may include calibration of the 

model in depth to match the specific location in a best-fit manner by adjusting, the model 

core parameters. Since all input data come with certain variations, generating, multiple 

scenarios and running, simulations is possible considering the full spectra of data variation. 

This could cover all possible outcomes for the given data set. Also, image processing 

methodology has limitations since it considers only the fragments exposed to the surface, 

while other fragments of different sizes that may influence overall size distribution may lay 

within the muckpile and not be seen. 

Finally, the results show good agreement between the model and full-scale tests, 

proving, the fragmentation model's general functionality. The main goal, to provide a 

general applicability fragmentation model, has been reached in its prototype stage, and all 

further improvements will positively benefit its prediction accuracy. 

6. Conclusions 

The model's universal functionality is seen in its capability to model all blasting cases 

used in practice, which shows its robustness. Bench blasting, is typical in surface and 

underground mining, where parallel boreholes are used. This simple situation means 

that all boreholes are parallel and equally distanced among, themselves, resulting in even 

fragmentation within the blasted block. A much more complex case is ring blasting, where 

explosive charges are placed with different spacing between them within a singlle pattern. 

The model can capture this case accurately and has been tested against such cases in 

practice. Further, the model can provide estimates for complex blasting, patterns, such as 

in tunneling or underground mining, development. This case is specific since the spacing, 

between boreholes changes during the firing sequence, and boreholes may be parallel or 

non-parallel among themselves. Besides those mentioned earlier, the model captures the 

influence of the previous blasts, borehole deviation, and misfires that significantly influence 

the overall fragmentation results. 

A case study is provided to validate the model where model prediction is compared 

with two ring, blasts from the underground mine. The setup of the model is such that 

it captured the exact blasting pattern used for the stope blasting with the same firing, 

sequence. At the same time, the primary block size was estimated by generating: DFN from 

he available joint survey. 

Initial burden analysis showed that pressure estimation formulas used for the model 

resulted in much lower borehole pressures impacting the high difference between model 

and in situ burdens of explosive charges. For such reasons, the model was pre-calibrated 

o operate with borehole pressure that would result in the same 2 m burden that is found 

in stope blasting. The fragmentation survey was provided using, the image processing, 

software WipfFrag v4 and following their sampling and analysis guides. 

The obtained results showed that the relative error for X50 values is 11.76% for the 

irst blast, while the second blast and model X50 values are the same. X80 value-relative 

errors are 15.15% and 4.11%, respectively. This means that model prediction is accurate 

within this size range. The maximum error found for the size range between X10 and 

X80 is around 17%. Size prediction for the range of X80–X90 shows an increased error o 

3% and 30%, respectively, for blasts B1 and B2, and the maximum predicted value is also 

significantly larger in the model than for the case ofin situ tests. This issue is discussed, 

and several reasons are possible causes for this. First, the model was only pre-calibrated, 

and no post-calibration procedures were carried out to adjust the model to the obtained 

results. Therefore, the model could be recalibrated to provide the best fit for the specific 

location. However, the critical point here is to validate the general model functionalities and 

determine if the results fall within the reasonable scope of expected values that have been 

proven. Comparing obtained curves from the model and in situ tests, it was determined 

that R2 values are 89.97% and 92.48%, demonstrating, the model's reliable estimate. 

At its prototype stage, the model shows a high level of agreement compared with 

full-scale in situ ring, blasting tests and a simple pre-calibration procedure. With further 
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development of the model, the main idea is to improve its computational speed and 

resource usage. This could provide the possibility of modeling complex scenarios with 

millions of fragments to be generated, considering complex DFNSs, and using real-world 

drilling data. Also, a standardized calibration procedure utilizing, modern Al or ML tools 

might be developed to decrease estimation errors for each size class by adjusting the model 

to certain conditions. 
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