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1 CONTEXT AND GEOLOGY 
 
Belgium, and especially Wallonia, has a long    
history of mining activities that made the country a 
major player in the coal and steel industry in the 
past decades (Hasquin H. 1999), mainly during the 
18th and 19th centuries (1774 – 1847). In fact, 
about 5000 years ago, started the exploitation      
of flints in the country; the Spiennes                   
archeological site in the neighbourhood of Mons 
was exploited between 4,350 and 2,300 years     
before our era (https://www.minesdespiennes.org). 
The development of the coal industry as well as 
the one of steel are both documented from the 12th 
century (Auquière 1977). 
     Nowadays, most of the extractive activities deal 
with the exploitation of quarries and, among  

them, limestone and porphyry are very              
representative in terms of volumes. These        
geological materials are both hard rocks in       
general that need explosive for fragmentation;   
but they exhibit different geomechanical         
characteristics. Porphyry is the hardest with a   
very brittle failure and a strong abrasiveness as it 
contains free silica particles. Limestone on the 
other side, exhibits a bit less brittleness and        
especially a very low abrasiveness (Descamps et 
al. 2013). 
     The deposits of those resources are composed 
of the rock masses and are characterised by sets of 
discontinuities like joints, faults and bedding 
planes. It is then for us worthwhile to compare the 
behaviour of those materials with respect to the 
use of explosive. 
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     For limestone, this study will focus mainly on 
the Lemay’s quarry located in Tournai (see Figure 
1). The Tournai’s basin is the most important   
outcrop of limestone in Belgium, as it produces 
about 20 million tons per annum for cement and 
crushed rocks. According to the regional geology 
(Hennebert & Doremus 1997), the Tournai’s  
limestone deposit is composed of six members that 
belong to the formations of Tournai and Antoing; 
these are Calonne, Vaulx and Chercq, Pont-a-Rieu, 
Providence, Allain and Crampon. Those members 
are composed of about 80 % of calcium carbonate, 
argillaceous materials for about 20% and a       
proportion of silica. This makes the composition 
of this natural material almost suitable for cement 
production without any additive. However, some 
members can contain high proportion of silica that 
induce some issues for the milling equipments; in 
this case, the material is more suitable for crushed 
rock. The main challenge in producing crushed 
rocks is the process of weathering typical of   
limestones. In fact, the caving process (karst)      
affects the shallow geological formations and this 
could affect the quality of the final product. 

     For porphyry, on the other hand, most of  
measurements are performed in the Quenast   
quarry (see Figure 1) but we will also show    
some results gathered in the Lessines’s quarry    
for the sake of comparison. The porphyry deposits 
are of intrusive type for which outcrops occur      
in Belgium in the forms of sill layers (Region      
of Lessines) or massive intrusion (Quenast).      
The deposit mined out in Quenast for instance 
dates from 433 million years ago and it is a       
micro-diorite composed mainly with quartz,   
hornblende, feldspars and chlorite. The main use 
for this material in Belgium is in the upper layer  
of road structures or the support material for      
rail tracks. 

2 ROCK MASS MODELLING 

2.1     Quarry model and location of experiments 

Managers of quarries collect and organise various 
information relating to the knowledge of the      
deposit and its evolution during ‘mining’           
operations: 

Figure 1. Location of the four sites under study in Belgium: 1 = Lemay; 2 = Lessines;  
3 = Quenast; 4 = Rochefort. 
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-  Drillholes to characterise the chemical    
composition if necessary and physical    
properties of the materials 

-  Production data in the course of time 
-  Evolving topography of the open pit and     

related maps. 
 
     Based on this information and on the regional 
interpretation of the geological map, a data base is 
created in relation to the most important features 
of the material mined out. This is achieved by use 
of a dedicated ‘design and mining planning’   
software: GEOVIA GEMS. From the database,  
3D geological models of the deposits are built;  
this allows for instance the assessment of the   
volume and tonnage corresponding to specific 
geological formations in the boundaries of          
the quarrying  permit. We recovered topographical 
digital files from the companies in the Belgian 

Lambert 72 coordinate system and we imported 
them in the project to cut the volumetric             
geological model of the quarries. The construction 
of these 3D models can have several objectives: 
managing the evolution of the quarry,              
identifying different geotechnical zones            
(see further considerations about GSI) or locating 
as accurately as possible the position of           
blasted zones. 
     Dealing with blast zones, the position of      
each blasthole is measured with a Differential 
Global Positioning System (DGPS). Moreover,  
3D laser surveys of the bench faces are              
carried out prior to each blasting and after          
the complete mucking operations (Figure 2).  
These survey measurements provide accurate     
information on the blasting patterns and              
allows the calculation of the total volume      
mined out. 

Figure 2. Surface models of the Lemay quarry: (a) Location of blasted zones; (b) an example of pre and 
post 3D scan of bench faces. 
 

Figure 3. An example of a bench face image processing for rock mass characterisation. 
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2.2     Rock mass quality 

The rock mass qualification was carried out        
in-field by surveying, taking pictures and           
describing the geometry of the benches. Figure 3 

depicts a typical interpreted image in the limestone 
quarry. 
      The station position coordinates for pictures 
are defined by use of a DGPS device; this allowed 
identifying the positions of joints and other       

Figure 4. The Geological Strength Index (Hoek & Brown 1997). 
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features. As a result, for this case, we identified 
two main sets of sub-vertical fractures that we 
named S1 and S2, to which a third set S3          
representing the stratification is added. The    
characteristics of identified sets of joints are as  
follows: N30 °E for S1 and N100-110 °E for S2 
with a mean dipping of about 90°. 
     Besides the identification of sets of               
discontinuities, the processing of data led to       
deriving quality indexes. In this paper, we mainly 
focus on the Geological Strength Index or GSI as 
described on Figure 4 (Hoek & Brown 1997). 
     Surveying the whole quarry and using GSI can 
lead to division into constant quality parts, or    
geotechnical zones that can be managed             
accordingly for blasting (Tshibangu et al. 2007). 
This study will focus mainly on the blasted zones 
of concern. The working methodology is to try  
reproducing as many details as possible on the 

face to blast. First, the position of the blastholes 
collars are surveyed, then, virtual drillholes tracks 
are created in terms of GSI. This means that this 
parameter can vary along the height of the bench 
(Figure 5a). Figure 5b depicts one example of GSI 
virtual-drillholes for one face to be blasted. 
     These additional data added to the database of 
the whole 3D model of the quarry. 
     GSI drillholes are stored in the database in 
terms of points information along a line. From 
that, a block model is created to assess the        
variability of the mechanical quality of the rock 
material in the rock mass for blasting. One        
fundamental parameter for the block modelling is 
the size of blocks. The choice we made for the 
Quenast quarry was 2 m x 2 m x 2 m, while in the 
Lemay’s quarry it was 5 m × 5 m × 5 m. The      
interpolation was performed by use of isotropic 
(porphyry) or anisotropic (limestone) reverse    

Figure 5. Creation of GSI virtual drillholes from the blast planning. 
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distance method on the whole quarry model. A 
typical example of block modelling is shown in 
Figure 6 for the Quenast quarry. 

3 BLASTING OUTPUT AND MUCKING 
PILE 

3.1     Blast parameters 

Various shots were analysed in the targeted    

quarries. For each of them, we collected main    
parameters, these are: 
 
-  Number of blastholes and their position 
-  Drilling pattern 
-  Length, diameter, and inclination of the 

blasthole 
-  Preliminary observations of the shot:       

presence of water, faults, cavities and other 
anomalies 

Figure 6. Block model of the 15 March 2015 blast in the Quenast quarry. 
 

Figure 7. Comparison between blasted tonnages estimated based on shooting pattern and the one calculated 
based on 3D surveys. 
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-  Quality and quantity of explosives and their 
distribution in the hole 

-  Presence and type of intermediate stemming 
-  Type of initiation system (detonating cord, 

Nonel tubes, electronic detonato). 
 
     We need this information for the calculation of 
the Powder Factor that we use to characterise the 
strength of explosives for a given blast. The 
amount of explosive is expressed in terms of 
Equivalent TNT, while the volume or tonnage of 
blasted rocks is assessed by surveying the face 
prior and after the shot. 
     We compare on Figure 7 the tonnage estimated 
by two approaches: on one hand it is calculated 
from the blasting pattern, and on the other hand 
the one computed from the 3D survey. We noticed 
in general that the discrepancy was significant 
when residual debris of rocks were still present 
during the post-survey of the face; in this case, we 
use the value calculated from the shooting pattern.  

3.2     Mucking pile and block size 

Two types of results can describe the main output 
of blast operations: the shape of the mucking pile 
and the block size. The shape of the pile will lead 
the choice of loading machineries; in Belgium 
most quarries use front wheel loaders that need a 
low-profile muck pile. In this study we focus on 
the block distribution that characterises the    
fragmentation process. 
     Implementing fragmentation analysis is     
complex and delicate in the context of mining   
operations. Several methods can be used:          
empirical methods, screening, image analysis. This 
study used an image processing software (Split 
Desktop) in its freeware version. The methodology 
mixed automatic and manual treatments to analyse 
fragment sizes. 

     The big challenge with this type of software is 
to collect relevant and good quality pictures of the 
mucking piles. For all blasts analysed, several   
pictures were taken from different viewpoints and, 
when possible, at different loading periods. We 
placed a scaling object on the pile for each photo. 
As this was an exploratory study, different objects 
were used: a helmet, a graduated staff, and a        
1-meter square frame. 
     This methodology allowed collecting pictures 
of the superficial part and the centre of the muck 
piles (Figure 8). However, it was impossible to 
take pictures continuously during all the mucking 
process because of security and time reasons. 
     We achieved the image processing by the Split 
Desktop software in three steps: 
-  The first step consists of an automated        

delineation of the rock fragments by the  
software. During this step, the software relies 
on the contrast differences in the image to  
delineate the different blocks (Figure 8 (b)). 
However, this automatic delineation is not of 
sufficient quality to directly calculate the size 
distribution curve. Indeed, many blocks are 
over-segmented (Figure 8 (b), point 2) and 
shadows present on some blocks are         
considered as contour areas composed of 
fines (Figure 8 (b), point 1). Finally, the  
software analyses the whole image even if the 
background is made of the benches and the 
sky (Figure 8 (b), point 3). 

-  The second step is a manual correction of the 
automatic delineation. During this step, the 
user must define the area of interest of the 
picture to consider only the muck pile. It is 
then necessary to eliminate any inadequate 
contours and to create missing ones. The     
result of this step is presented in Figure 8 (c). 

-  Finally, the third step consists of defining the 
'reference scale' from the known object on the 

Figure 8. Split desktop image processing: (a) imported picture, (b) result given by the automated process [1 = shadow 
problem; 2 = over delineation of a block; 3 = delineation of benches], (c) result from the manual processing. 
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picture. The software can compute the    
fragment sizes and establish the cumulative 
size curve with this scale (Figure 9). Figure 9 
shows the fragment size curves obtained     
before and after manual processing. This   
figure highlights the importance of manual 
corrections because the mean size is           
underestimated when using the automated 
procedure. 
 

     Thanks to multiple pictures collected for each 
muck pile, we analysed some parameters of the 
shooting. Indeed, we addressed the issue of the 

representativeness of the results with respect to  
the pile. For this purpose, we analysed a part        
of a pile and compared the granulometry obtained 
with the one of the whole pile. Figure 10 (a)   
compares the two curves obtained. The difference 
is significant for the fine particles. Nevertheless, 
the two curves are comparable in terms of       
‘medium’ size. 
     The second important result is the comparison 
between photos taken before and during loading 
and their cumulative size curve. The curves in 
Figure 10 (b) indicate that the difference between 
the two analyses is negligible. 

Figure 9. Pre and post manual processing cumulative curves. 
 

Figure 10. Fragment size curves comparison: (a) analysis of the whole pile and part of it (b) analysis of the fresh 
pile and its centre photographed during loading. 
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Figure 11. Relationship between GSI and powder factor (a) in limestone quarries and (b) in porphyry quarries. 
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4 RESULTS AND DISCUSSION 

The main objective of the study was to try linking 
the quality of rock mass and the use of explosives 
for its fragmentation. Based on the experience of 
miners, we consider that the fragment size         
obtained is satisfactory for the current practice 
(empirical approach). We then analysed the      
possible correlation between the GSI               
characterising the rock mass and the powder     
factor. The graphs in Figure 11 present the          
relationships between these two parameters.      
Figure 11(a) shows the trend in the Lemay’s   
limestone quarry on which the result from the 
Rochefort quarry was superimposed. Figure 11(b) 
compares the results from the two porphyric   
quarries. 
     For all results gathered, the general trend is the 
decrease of the charge with the quality of the rock 
mass. Interestingly, this trend appears to be 
stronger in the case of limestone quarries. Indeed, 
the correlation coefficient of the linear regressions 
for those quarries are much higher than for the 
porphyry quarries. For this last type of material, 
the scattering is very high. Remember when      
analysing the quality of the rock masses that we 
emphasised the higher variability in limestone 
quarry because of weathering process. In porphyry 
deposits are more massive and less affected by the 
variability in mechanical properties. 

5 CONCLUSION 

To understand the blasting process in some      
Belgian quarries we carried out this study in two 
types of applications in relation to the mined     
material: limestone and porphyry. The approach 
involved the collection of blasting parameters   
prior to the shooting; this led to the assessment of 
the explosive energy expressed in equivalent  
TNT. Connecting this energy to the amount of 
fragmented rocks gave the Powder Factor. 
     After blasting, we took some pictures of the 
muck pile and processed the images in a hybrid 
way: automatic processing by a freeware software, 
and manual correction to get the shape of the size 
distribution curve. The desired approach was to 
capture many images for each blast to show the 
evolution of the mucking pile; however, this was 
not always possible because of safety reasons and 
lack of time. 
     Among the interesting results we got, the most 
important is the linear relationships between the 
GSI and the powder factor, especially for        
limestone. In fact, this material shows higher    
variability in mechanical properties because of 

weathering process. Porphyry deposits are more 
massive and less affected by the variability in   
mechanical properties. 
     Such relationships can allow a more accurate 
assessment of the explosive charge that complies 
with the rock mass for a given objective in terms 
of granulometry or fragments size. In fact, the 
general trend is the decrease of charge with quality 
of the rock mass; an approach that deserves to    
repeat in more cases to improve the model. 
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1 INTRODUCTION 
 
Rock mass is a combination of materials with    
different mechanical properties (strength,           
deformation, and stability characteristics),           

intersected by discontinuities evaluated with      
indexes such as Geological Strength Index (GSI, 
Hoek 1994), Rock Quality Designation (RQD), 
(Deere & Miler 1966), Rock Mass Rating (RMR), 
(Bieniawski 1995) and/or Q-Barton (Barton et al. 
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Grade factor’, based on the combination of MWD parameters, that has been assessed from the analysis of 
the rock type description and strength properties from geology reports, assaying of drilling chips 
(ore/waste identification) and 3D unmanned aerial vehicle (UAV) reconstructions of the post-blast bench 
face. Data from 302 blastholes, comprised in 26 blasts, have been used for this analysis. From the results, 
four categories have been identified: soft-waste, hard-waste, transition zone and hard-ore. The model    
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ore zones (siderite rock type). The model has been validated with new data from 53 blasts (647 
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Table 1. Data information. 

Data set No. 
blast 

No. 
blasts/drill 
rig 

No. of 
holes 
drilled 

MWD 
(No. 
holes) 

In-hole 
videos 
(No.  
holes) 

UAV 
(No. 
photos) 

Assays of 
drill 
cuttings 
(No. of 
holes) 

Rock type 

Model & 
calibration 26 15(D1)/11(

D2) 321 302 207 4599 207 Sch Sand, Lim & 
Sid 

Validation 53 36(D1)/17(
D2) 723 647 - - 647 Sch Sand, Lim & 

Sid 
 
* Sch Sand= schisted sandstone; Lim=limestone; Sid=Siderite 
 

1974). The in-situ structural condition modifies the 
strength of the intact rock; the existence of       
cavities, discontinuities, or fractured zones    
changes the response of the rock mass upon   
blasting. In blasting, rock density, uniaxial     
compressive strength, Young’s Modulus,          
orientation of discontinuities with respect to the 
free face of the blast and the spacing between them 
have been consistently employed to rate the 
blastability of the rock. Lilly’s blastability index 
(Lilly 1986, 1992) has been used to predict the 
median size through the modified Kuznetsov  
equation in the Kuz-Ram model (Kuznetsov 1973, 
Cunningham 1987, 2005), and has also been used 
recently to describe rock mass characteristics by 
Sanchidrián and Ouchterlony (2017) in the         
xp-fragmentation distribution-free model. A       
detailed rock mass characterisation, based upon 
the combination of both mechanical, structural and 
chemical properties, is thus one of the most       
important requirements to control the ore to be 
mined and to improve blasting results by adapting 
the explosive energy distribution to the rock     
condition so as to optimise the performance of 
downstream stages such as digging, hauling and 
comminution. 
     Since rock characteristics have an important  
influence on the drilling response, technologies 
based on monitoring the performance of drill rigs 
by measuring drill parameters (commonly known 
as Measurement While Drilling, MWD) should be 
able to assess changes in the rock mass with high 
resolution (Navarro 2019). Substantial research  
efforts aimed to correlate the MWD technology 
with the geological/mechanical interpretation of 
the rock mass (Teale 1965, Scoble et al.1989; 
Peck 1989, Schunnesson et al. 2012, Leung & 
Scheding 2015, Kahraman et al. 2016), on         
one side, and with the structural condition  
(Schunnesson 1997, Peng et al. 2005, Tang 2006, 
Ghosh et al. 2018, Navarro et al. 2019, van Eldert 
et al. 2020), on the other, (among others) have 

been reported. However, none of these methods   
or systems cover the combined analysis and      
representation of both mechanical and structural 
properties together. In addition, to the authors’ 
knowledge, few of them have been applied to blast 
design and validated in production environments. 
     This paper develops a new methodology for a 
sound rock characterisation based on two new    
indexes from MWD records: the first one classifies 
the structural condition of the rock from the      
variability of the MWD parameters and a          
discontinuity factor determined using Principal 
Components Analysis (PCA); the second          
represents a combination of the strength properties 
and iron content of the rock, based on the        
combination of MWD parameters. Before being 
used for the analysis, a thorough correction of the 
MWD parameters has been applied to minimise 
external influences other than the rock mass. 
     The analysis is applied to data from the Erzberg 
Mine, a large iron open pit mine in Austria. The 
Structural factor classifies the rock condition in 
three classes: massive, fractured and heavily    
fractured. This classification has been validated 
and calibrated from video recording of the inner 
wall of 207 blastholes. From it, a Structural   
Block model has been developed to simplify the 
automatic recognition of rock trends. 
     The Strength-Grade factor has been assessed 
from a combined analysis of the rock type          
description and UCS from geology reports, assays 
of the drill cuttings (ore/waste identification)     
and 3D unmanned aerial vehicle (UAV)             
reconstructions of the post-blast bench face. The 
factor ranks the rock into four categories:         
soft-waste, hard-waste, transition zone and      
hard-ore. MWD signals from 302 holes in 26 
blasts, assays of the drill cuttings for 207 of the 
302 blastholes and geology reports of each blast, 
have been used for this analysis. The Strength-
Grade factor has been validated with 53 new blasts 
comparing the assays of 647 new holes with the 
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associated Strength-Grade factor value. 
     Finally, the Structural Block model has been 
combined with the Strength-Grade factor to create 
the X-Rock model, an overall novel rock factor, 
that, exclusively based on drill monitoring data, 
can provide a blastability assessment based on   
the rock structure, strength and waste/ore         
identification. 

2 DATA OVERVIEW 

The Erzberg mine is the largest open pit iron ore 
mine in middle Europe and the largest deposit of 
siderite in the world. It is located in the central-
western part of Austria. The main iron mineral is a 
magnesium rich variety of siderite with an iron 
content between 20 and 42 %. The main waste  
material within the ore bearing formation are     
different types of limestone. The floor of the     
deposit is formed by a volcanic silicate rock and 

the overburden by a partly schisted sandstone.  
Average UCS values assigned from geological   
reports, and the ore/waste classification,              
respectively, are siderite (125 MPa, ore), limestone 
(waste, 125 MPa), and schisted sandstone (waste, 
40 MPa). 
     The rock mass is excavated by bench blasting 
using one or two rows of inclined holes with a 
length of 15 to 30 m (49.21 to 98.42 ft). Two 
SmartROC D65 DTH fully mechanised drill rigs 
manufactured by Epiroc are used for the drilling. 
Positioning of the holes is controlled by the       
operator but drilling and logging of drill             
parameters is done automatically. Drilling is done 
using extension tubes of 6 m (19.69 ft) length and 
a bit diameter of 6 in (152 mm). A 4.16 revision 
control system was installed in the rigs and a  
sample interval of 0.05 m (0.164 ft) was set to 
monitor the information. This makes up to 460 
sample points per blasthole considering an average 

Figure 1. Structural conditions identification from borehole video record. 
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blasthole length of 23 m (75.46 ft). 
     The drill parameters recorded while drilling  
are the following (acronyms and units for each   
parameter in brackets, (Navarro et al. 2021): feed 
pressure (FP, bar), percussive pressure (PP, bar), 
rotation pressure (RP, bar), penetration rate (PR, 
m/min), air pressure (AP, bar), hole depth       
(HD, m). 
     Table 1 describes the available data for MWD, 
borehole videos, UAV flights, assaying, and the 
rock type/s identified from the geological reports 
used to develop the Structural model and the 
Strength-Grade factor models and the data set used 
to validate the later. 
     In-borehole video recording was carried out by 
a digital camera manufactured by Kummert,   
composed of a front lens, illuminated by led lights. 
The data acquisition system was connected to the 
camera by an insulated cable. This was rolled in a 
cable wheel with a distance counter, so the image 
in the video is always linked to a depth. Video   
recordings of the borehole wall in front of the 
probe was done while lowering it. The extensive 
hole video recording program conducted in field 
tests allows to identify different structural rock 
conditions represented in Figure 1. Normally, a 
weakness area (Figure 1d) is a combination of 
several small/medium size discontinues and/or 
small cavities. It may also be related to lithology 
intrusions of softer rock. A heavily broken area 
(Figure 1g) is a low competent zone that includes a 
combination of medium/large size discontinues 
and/or medium/large cavities. 
     UAV images correspond to the post-blast bench 
face after removing the muck-pile material. This 
face of the bench is closer to the blastholes so it 
can give a more accurate representation of the rock 
drilled. Photos were taken from a DJI Matrice 200 
drone. Image processing have been done through 
Pix4D (Pix4D 2020). Post-processing of the point 
cloud and 3D representation have been done with 
Matlab (Matab, 2020). 
     Assaying is done over drill cuts gathered       
automatically while drilling. For that, cuttings are 
flushed out of the borehole with compressed air 
and transported away with a suction device. The 
collar of the blasthole is closed with a suction 
hood and the discharged cuttings are introduced in 
a cyclone. Samples are cyclically collected from 
the cyclone at a preset depth interval to cover     
the entire blasthole length. A sample mass of     
approximately 1 - 2 kg (2.2 – 4.4 lb) is collected in 
a container sealed to the ejection point of the     
cyclone. X-ray Fluorescence Spectrometry was 
used to identify the different components of the 

sample materials. This determines an average 
measurement per hole of Fe content and other 
components such as SiO2, CaO, Al2O3, MgO, 
Mn, Na2O, K2O, S and P. In general, a rock with 
Fe content above 20% is considered ore and       
below waste. 

3 DATA ANALYSIS 

One general problem with MWD data analysis is 
that the logged response is affected by the rock 
mass conditions, the drill rig control system and 
external influences different than the rock such as 
the calibration of the monitoring sensors, the     
hole length and/or the drill rig performance 
(Schunnesson 1998). Together, these add           
uncertainty to the data that must be corrected to 
highlight changes in the parameters that depend on 
the rock properties. This process comprises: 

3.1    Filtering of unrealistic values 

The empirical probability distribution of each 
MWD parameter is built from the complete data 
set values (26 blasts, comprising 302 blastholes 
sampled every 5 cm, see Table 1). Values within 
the 99% confidence interval are retained for the 
analysis (Navarro et al. 2018, 2019, 2021). 

3.2    Removal of systematic peaks related to the 
parameters response when a new rod is 
added 

When the drill reaches the end of the feeder, a new 
rod must be added to continue the drilling. During 
this procedure, percussive pressure, feed pressure 
and rotation pressure parameters are shut down 
(Navarro et al. 2019, 2021). The logging system 
starts recording values again when the bit exceeds 
the last length measured. This generates systematic 
drops (see drops in Figure 2a left graph, at every 6 
m, 19.69 ft)) that do not reflect any information of 
the rock conditions, and that must be filtered out in 
a post analysis. Figure 2a (right graph) shows the 
filtered signal from Figure 2a (left graph), in 
which all peaks associated to rod changes have 
been removed. Noted that the peak at about 3 m 
(9.84 ft) is not removed by this filtering, since it 
does not correspond to rod additions, but to a   
possible rock disturbance. 

3.3     Correction of the hole depth influence:  

Systematic variations generated by the drilling 
system and external influences other than the rock 
can be recognised and removed by averaging, for a 
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large amount of data, the logged response  
(Schunnesson 1998, Hjelme 2010, Ghosh et al. 
2018, Navarro et al. 2018, 2019, 2021). Figure 2b 
shows the average signals of penetration rate 
(Av.PR), percussive pressure (Av.PP), feed     
pressure (Av.FP) and rotation pressure (Av.RP) 
calculated at every 0.5 m hole length for the 302 
blastholes analysed. The calculation is shown for 
the two drill rigs separately (represented with    
different shades, to see whether there is any other 
systematic variation caused by the calibration or 
set-up of the rig sensors. From the four graphs,    
rotation pressure (Av.RP) shows a well-defined 
increase with hole depth (HD) for the two rigs. It 
is noticeable that significant jumps occur in the 
signal of this parameter after adding a new rod, at 
6, 12, 18 and 24 m (19.68, 39.37, 59.05 and 78.74 
ft), see dashed lines, bottom right graph, Figure 
2b. This can be caused by energy loses in the  
couplings after installing a new rod or by the     
additional difficulty to rotate the rod as the weight 
increases down the hole. The normalisation of the 
hole length influence in the rotation pressure      
parameter is calculated for each rig separately as 
there are two different trends with different ranges 
of values. 

4 STRUCTURAL MODEL 

Schunnesson (1997) and Navarro et al. (2021) for 
rotary-percussive drilling and Ghosh et al. (2018) 
and Navarro et al. (2019) for Wassara ITH    
hammer, demonstrated an increase in the         
fluctuation of the penetration rate and rotation 
pressure when drilling through a fractured zone. 
These variations are highlighted and calculated as 
the sum of the residuals over a defined interval 
along the borehole (see Navarro et al. 2019, 2021 

for more details). The variability of penetration 
rate and rotation pressure have been combined in a 
discontinuity index (DI) as: 
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2�

𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣 ,𝑖𝑖 − 𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣��������
𝑠𝑠𝑠𝑠𝑠𝑠(𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣 ) �

2

+
1
2�

𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣 ,𝑖𝑖 − 𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣�������
𝑠𝑠𝑠𝑠𝑠𝑠(𝑃𝑃𝑃𝑃𝑣𝑣𝑣𝑣𝑣𝑣 ) �

2

,  

 
with 𝑖𝑖 = 1,2, … , 𝐿𝐿                                               (1) 
 
where, PRvar,i and RPvar,i are penetration rate     
variability and rotation pressure variability,        
respectively, at each sample number i, L is the 
number of sample points of the PRvar and RPvar 
signals and , ,   and 

 are mean and standard deviation of 
the penetration rate variability and rotation      
pressure variability. 
     Principal Component Analysis tools (PCA) 
have been used to correlate PR, PP, FP and     
normalised RP (RPNorm) parameters, plus the    
calculated PRvar, RPvar and the DI. Figure 3a     
represents the loading plot (influence of each     
parameter in the analysis) for the first and second 
principal components (PC1 and PC2,                  
respectively). The plane generated by the two 
components explains the 66.02 % (47.47 %,   
component 1 and 18.55 %, component 2) of the  
total variance. The first component explains a 
larger variability in the data and the relation       
between parameters explains the drilling response 
to the rock. According to Figure 3a, the first   
component is dominated by the fracturing          
parameters (PRvar, PRvar and DI) to the right and 
the percussive pressure and feed pressure to the 
left, showing a negative correlation between them. 
This behaviour of the parameters is in line with the 
physical drilling response explained in the           

Figure 2. a) Filtering of systematic peaks due to the addition of a new rod: Raw signal (left); Filtered signal 
(right). b) Average signals for Av.PR, Av.PP, Av.FP and Av.RP with depth. The shaded colours correspond to 
the average signals for drill rigs D1 and D2, respectively. HD is hole depth. 
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literature (Schunnesson 1998, Peng et al. 2005, 
Ghosh et al. 2018, Navarro et al. 2018, Navarro et 
al. 2021). 
     Values obtained from PC1 have been compared 
with video records of the inner wall of the 
blastholes, aiming to associate the structural rock 
classes described in Figure 1 to the different     
values of PC1. Based on the videos, three        
structural classes have been defined: 
 
-  Massive zone: zone composed by massive 

rock (Figure 1a), small and/or isolated       
discontinuities and/or fractures filled with 
rock of similar properties (Figure 1b). 

-  Fractured zone: blocky zone composed by a 
weakness area (Figure 1d), changes in the    
lithology by intrusions of softer material 

(Figure 1c), medium size discontinuities 
(Figure 1e) and/or a small size cavity    
(Figure 1f). 

-  Heavily-Fractured zone: zone of heavily  
broken rock mass (Figure 1g), large size    
discontinuities (Figure 1h) and/or medium or 
large cavities (Figure 1i). 

 
     To rank the three structural classes in terms of 
the PC1, the probability distribution functions for 
each structural class have been calculated. The 
point where two adjacent curves cross indicates 
the threshold between two structural zones. Figure 
4 represent an example of the Structural factor 
where images are located at the corresponding 
depths, with the definition of the specific structural 
class identified. It is apparent that the Structural 

Figure 3. a) Loading plot of PC1 and PC2 for the Structural factor calculation; b) Loading plot of PC1 and PC2 
for the Strength-Grade factor calculation. PP (percussive pressure), FP (feed pressure), RPNorm (normalised    
rotation pressure), PRvar (penetration rate variability), RPvar (rotation rate variability). 
 

Figure 4. Example of the Structural factor from video records of the inner wall and division of the Structural 
factor in zones based on abrupt changes in mean value of the signal for Blast B14 (Row 1, Hole 3). 
 



 

 
- 185 - 

factor accurately identifies the different structural 
classes. 
     It is often difficult to interpret Structural factor 
graphs because of the existence of many small    
intervals of different rock classes, that complicates 
the automatic recognition of rock condition trends 
(Navarro et al. 2019, 2021). To solve this, the    
results of the Structural factor have been divided 
in zones based on abrupt changes of the mean  
value in the signal to obtain a Structural Block 
model. The procedure divides the signal in        
sections and estimates the mean value for each 
one. These sections are varied iteratively until the 
total squared error attains a minimum (Killick et 
al. 2012, Lavielle 2005). The minimum of          
the    residual squared error is obtained by using 
Gaussian log-likelihood. Figure 4 also shows the 
result of this procedure; vertical black dashed lines 
indicate the edges of the sections and thick       
horizontal lines represent the average values    
within these sections; they are coloured according 
to their structural rock class (see legend). The 
analysis of the Structural Block model is simpler 
now as minor fluctuations are filtered out. 

5 STRENGTH-GRADE FACTOR 

The goal is to identify strength properties in the 
rock from the MWD data and to associate them 
with predominant lithologies and the iron content 
(per hole) from assaying of the drilling chips 
(ore/waste identification). In line with section 4, a 
PCA has been carried out on PR, normalised RP 
(RPNorm) parameters, PP and FP. The analysis has 
carried out for 26 blasts (see Table 1), comprising 
302 blastholes. Figure 3b represents the loading 
plot (influence of each parameter in the analysis) 
for PC1 and PC2. The plane generated by the two 
components explains the 94.22 % (88.61 %,   
component 1 and 5.61 %, component 2) of the    
total variation among all parameters. According to 
Figure 3b, the first component is highly dominated 
by the penetration rate on the positive side. This 
parameter is commonly used for hardness       
properties recognition (Schunnesson 1998), so its 
high influence is reasonable. Percussive pressure 
and feed pressure parameters dominate on the  
negative side, showing a negative correlation with 
the penetration rate. Since component 1 covers 
nearly 90 % of the total variation, it can be said 
that it carries most of the drill system’s response to 
the geomechanical properties of the rock mass; 
thus, the following analysis is based on it. 
     Contrary to the Structural Block model, local 
variations in the signal are not relevant for this   

index since they are normally caused by the local 
structural condition of the rock. The same        
procedure has been followed to divide the signal 
based on abrupt changes of the mean value;    
however, the purpose here is to find dominant 
zones in the signal that may reflect strength trends 
from the MWD. For that, boreholes are divided in 
zones characterised by relatively constant mean 
values of the PC1. 
     PC1 has been plotted against the iron content 
available for the data set blasts used to develop the 
model. Figure 5a represents, on one side, the    
correlation between the mean value of the longest 
section of PC1 and the chemical analysis (dots and 
diamonds markers, left axis); markers rare shaded 
according to the lithology of the blast where the 
info was collected (as from geology reports, see 
Table 1). Data from rigs D1 and D2 are also      
differentiated (dots and diamonds, respectively).  
In general, values from both rigs are grouped     
together and follow the same trend, which indicate 
the consistency of the methodology used to   
standardise data from different drill rigs (see,   
Figure 2b). Figure 5a also shows the histograms 
PC1 classified into waste/ore according to the iron 
content (amount of data in the histogram bars     
indicated in the right axis). 
     Rock areas associated with schisted sandstone 
and limestone rock types (shaded markers, see 
Figure 5a) are considered waste since their iron 
content is in general lower than the 20%. These 
markers are normally related to high PC1 values. 
As described in section 2, schisted sandstone and 
limestone have UCS values of 40 MPa and 125 
MPa, respectively. Since the PR parameter     
dominates the positive side of the PCA1 and this is 
commonly used for hardness properties (the softer 
rock the higher its value), it is reasonable a higher 
PC1 for schisted sandstone than for limestone. On 
the other hand, blasts carried out in areas of        
siderite rock type (darker markers), which        
constitute the ore deposit with an iron content 
equal to or higher than 20%, are associated to low 
PC1 values. Although limestone and siderite have 
a similar UCS value of around 125 MPa (see Table 
1), PC1 can differentiate the two rock types in 
most cases; for this reason, we have called PC1 a 
‘Strength-Grade’ factor. However, there are      
situations where the drilling responds similarly to 
limestone and siderite, shown in the overlap zone 
of the histograms in Figure 5a. Strength-Grade 
factor values on the left side of the histogram for 
ore and on the right side for waste clearly          
represent potential identification of siderite and 
limestone lithologies, respectively. Values in the 
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right tail of the waste histogram are associated to 
schisted sandstone. 
     From the results shown in Figure 5a, four 
Strength-Grade categories of rock have been      
defined combining the rock type description and 
the iron content associated to the Strength-Grade 
factor values. These are indicated in Figure 5a, 
separated by vertical dashed lines. 
 
- Soft-Waste: Strength-Grade factor values   

associated to waste areas of schisted       
sandstone in 100% of the holes investigated 

- Hard-Waste: Strength-Grade factor values  
associated to waste areas of limestone in the 
90 % of the holes investigated 

- Transition Zone: Strength-Grade factor     
values related to a range of difficult      
recognition between limestone (waste) and 
siderite (ore). 39 % of the holes falling into 
this category are drilled in waste and 61%    
in ore 

- Hard-Ore: Strength-Grade factor values      
associated to ore areas of siderite in 87 %     
of the holes investigated. 

 
     The validation of the model has been carried 
out with 53 new blasts (627 blastholes). For that, 
the Strength-Grade factor has been applied to the 
MWD data of these blasts and compared with the 
respective assaying values. In line to Figure 5a, the 
results of the analysis are plotted in Figure 5b, 
where markers are shaded according to the          
lithology of the blast as from internal reports and 
data from rigs D1 and D2 are also differentiated 
(dots and diamonds, respectively); Figure 5b also 

shows the histograms classified into waste/ore   
according to the iron content of the data            
represented. From the results, the model identifies 
areas soft-waste (and waste material) in the 100% 
of the holes investigated, areas of hard-waste   
(and waste material) in the 91% of the holes       
investigated, transition zones with a 67%/33% 
(waste/ore) probability of the holes investigated, 
and areas of hard-ore (and ore material) in the 90% 
of the holes investigated. This is in line with the 
results obtained in Figure 5a, supporting the       
robustness of the model. 
     The Strength-Grade factor has been applied to 
map the whole mine area where the data set of the 
model calibration was collected (Table 1). The   
result is represented in Figure 6. The model     
identifies areas of hard-ore and some transition 
zones in the centre of the deposit (marked with 
two dark dashed lines), indicating potential areas 
of ore material in this zone. To the left side of the 
graph, areas of soft-waste, hard-waste and        
transition zones appear, representing potential    
intrusions of limestone and schisted sandstone 
rock types in the deposit. In general, the categories 
identified by the Strength-Grade factor are in line 
with the different lithologies observed in the 3D 
reconstructions. 

6 X-ROCK MODEL 

The Structural Block model has been combined 
with the Strength-Grade factor in an overall rock 
factor, exclusively obtained from drill monitoring 
data, to provide an assessment of the structural 
condition, strength properties and waste/ore     
identification of the rock blasted. This factor has 

Figure 5. Correlation study between the MWD-calculated PC1 (Strength-Grade factor) and iron content associated 
to each hole. a) Data used for the model. b) Data set used for validation (627 holes from 53 new blasts). 
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been named by the authors as X-Rock model. For 
each Strength-Grade factor category, there are 
three structural classes, making twelve different  
X-Rock categories. Figure 7 represents the      

combination of both Structural Bock model and 
Strength-Grade factor into the X-Rock model in a 
production blasts (B16, marked with a white oval 
in Figure 6). A complex situation with three        

Figure 6. Application of the Strength-Grade factor to the whole mine area where the data were collected. 
 

Figure 7. Representation of the Structural Block model (left-upper graph), Strength-Grade factor (right-upper 
graph), X-Rock model (left-bottom graph) and assaying analysis (right-bottom graph) for a production blast (B16). 
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lithologies can be distinguished (as from the 3D 
reconstruction of the post-blast bench face),      
corresponding to schisted sandstone, limestone 
and siderite, each one associated with a type (see 
legend). The Structural Block model (left-upper 
graph, Figure 7) shows an area of heavily broken 
material in the first 5-7 m for all the holes (top 
white line), identified by the model as fractured 
and heavily fractured categories, and two small 
fractured and heavily fractured zones in the  
schisted sandstone and the limestone (lower white 
lines on the left) that are associated to areas of a 
more intensely fractured rock. The siderite side 
(left part) is more massive, with possible           
discontinuities across holes (dashed white lines). 
The Strength-Grade factor (right-upper graph, 
Figure 7) identifies these three variations in the 
rock and associates the schisted sandstone area 
with soft-waste category (first three blastholes, 
from left to right), the limestone area with       
hard-waste category (next two blastholes) and the 
siderite area with hard-ore and some transition 
zone categories (for the remaining ones). The     
results are in line with the ore/waste identification 
from the assays (right-bottom graph, Figure 7); the 
transition zone is related to ore. Finally, the         
X-Rock model (left-bottom graph, Figure 7)   
combines the characteristics identified by the two 
previous indexes. 

7 CONCLUSIONS 

Two rock description indexes are derived directly 
from MWD data: one to classify the structural 
condition of the rock, and the other to assess the 
strength properties and iron content of the rock. In 
order to use the drilling parameters, corrections are 
carried out to minimise external influences other 
than the rock mass. These comprise: (i) filtering 
unrealistic values, (ii) removing systematic peaks 
due to the addition of a new rod, and (iii)          
correction of the hole depth influence. The        
corrected MWD data have been combined using 
principal components analysis. 
     The first index is a Structural factor that      
classifies the rock mass in three classes (massive, 
fractured and heavily fractured) from the           
variability of the MWD parameters and a          
discontinuity factor determined using principal 
components analysis. Video records of the inner 
wall of 207 blastholes have been used to calibrate 
the results. A Structural Block model has been  
developed as an improvement of this factor to 
simplify the automatic recognition of structural 
rock trends. 

     The second index is a Strength-Grade factor, 
based on the combination of MWD parameters in 
principal components analysis, that has been      
assessed from the analysis of the rock type         
description and UCS from geology reports, assays 
of drilling chips (ore/waste identification) and 3D 
UAV reconstructions of the post-blast bench face. 
Data from 302 blastholes from 26 blasts have been 
used for this analysis. The Strength-Grade factor 
ranks the rock into four categories: soft-waste, 
hard-waste, transition zone and hard-ore. The 
Strength-Grade factor has been validated for a new 
data set of 53 blasts (647 blastholes) comparing 
the values of the model with the iron content from 
the assays of each hole. 
     Finally, the Structural Block model has been 
combined with the Strength-Grade factor to create 
the X-Rock model, an overall rock factor           
exclusively obtained from drill monitoring data, to 
assess the structural condition, strength properties 
and waste/ore identification of the rock.             
Assessments for different conditions would require 
a re-calibration of the model for the new site and 
drill rigs, following the methodology described. 
     A detailed rock mass characterisation per hole 
in an overall Rock Factor exclusively obtained 
from MWD data, provides an early information of 
the rock to be mined, both in terms of strength and 
jointing, and in terms of ore grade. This factor    
allows improving blast design, hence better      
controlling blast results (e.g. rock fragmentation 
and wall stability), by adapting blast design        
parameters to the rock condition. In addition, the 
potential ore/waste identification from MWD data 
may help to an early and fast ore/waste rock    
classification, helping to prevent ore waste and   
dilution from blasting. The amount of assaying  
required may also be reduced resulting in cost  
savings. 
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1 INTRODUCTION 
 
Blast movement is a phenomenon which is         
actively researched around the world for the last 
40 years. Certain typical patterns in blast induced 
rock movement are recognised, which complement 
fundamental theory of rock blasting. However, 
many researchers base their conclusions purely on 
practical experience and a particular set of         
observations. Rarely robust mathematical or      
statistical methods are used for proof of concept, 
when in fact mathematical models can lead to    
superb modelling accuracy of blast movement (Yu 
et al. 2021). Therefore, this paper aims to provide 
a robust study of blast induced movement, as well 
as a template for operations utilising small benches 
and a low powder factor in softer rock               
environment. 

2 METHODOLOGY 

2.1     General information 

A 2-year-long study was conducted in the ‘Ada 
Tepe’ gold project, which is an open-pit mine    
located in South-eastern Bulgaria. All blasting  
operations are conducted twice a week on 5 m 
benches with vertical blast holes with the same  
diameter of 105 mm. Two types of explosives are 
utilised in the mining operation: ANFO and   
packaged watergel. Depending on the rock     
hardness two types of drilling patterns are utilised: 
3 x 3.5 m for medium-hard rocks and 3.2 x 3.7 m 
for softer rock types. The powder factor varies   
between 0.34 – 0.46 kg/m³. Average rock size    
after blasting is approximately 250 mm. All    
drilling patterns are made in a staggered           
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Table 1. Nominal values used for studying blast induced rock movement. 
 
Parameter Label Values 
Flitch level FL 1 – Top flitch 

2 – Bottom flitch 
Explosive type ET 1 – ANFO 

2 – Packaged watergel 
Buffer presence BP 0 – Free face blasting 

1 – Buffered blasting 
Season type 
Season type can also be interpreted as 
weather conditions as the parameter is 
nominal 

ST 1 – Spring 
2 – Summer 
3 – Autumn 
4 – Winter 

Voids proximity 
Radius based on highest horizontal 
movement 

VP 0 – Within 5 m proximity 
1 – Within 5 m proximity 

Rock type  RT 1 – Metamorphic clasts and clays 
2 – Carbonite breccia and Breccia conglomerates 
3 – Siltstones with high content of quartz 

 
 

configuration and are initiated in an echelon      
pattern with NONEL 42 ms delays within rows 
and 17 ms between rows. Each blasthole uses   
bottom initiation. During the study two types of 
blasting were utilised – buffered and free face,  
depending on whether there is unexcavated       
material in front of the front face of the blast   
panel. In addition, blasting operations are        
conducted on panels which have one or two       
additional surfaces to the two regular free surfaces 
in bench blasting. After blasting, excavators are 
used for the selective mining of each bench in two 
flitches due to the nature of the mined ore.      
Blast movement is observed by utilising           
blast movement monitors (BMMs), produced       
by Blast Movement Technologies (BMT) 
(https://blastmovement.com/). Depending on the 
number of ore polygons in each flitch for a single 
shot, the number of monitors used can vary        
between 2 and 8 per flitch. Two monitors are used 
for each flitch of the 5 m benches. During the 
study period over 1000 blast movement monitors 
were utilised for grade control during blasting and 
for navigating shovelling operations. Each monitor 
is placed either in the same or a separate         
monitoring drill-hole, depending on whether there 
is an ore polygon within that location of the        
respective flitch. If there are two monitors for a 
single drill-hole, stemming is placed on top of the 
bottom BMM. After the last monitor is placed for 
each drill-hole, it is filled with stemming. After 
blasting a staff member locates each BMM with a 
specialised detector. 

2.2     Parameters of interest 

Movement data was generated as a report from 
BMT’s software – BMM Explorer v 3.6 
(https://www.blastmovement.com). Each 3D 
movement vector is described with a combination 
of three independent variables – horizontal  
movement, vertical movement and direction of 
movement. The parameter denoting the angle of 
deviation for horizontal movement (αH) was not 
initially present in the report and was calculated as 
the difference between the orientation angle of the 
perpendicular to the isochrones in front of the 
BMM and the orientation of the movement         
direction. For this study the isochrones from firing 
patterns were generated by the O-Pitblast software 
(https://www.o-pitblast.com/). Thus, the horizontal 
movement towards the free face (MH-ff) and the 
horizontal movement deviation (MH-dev) are        
introduced as the components of the horizontal 
movement vector. Their values can be calculated 
via the equations: 
 
𝑀𝑀𝐻𝐻−𝑓𝑓𝑓𝑓 = 𝑀𝑀𝐻𝐻 . cos𝛼𝛼𝐻𝐻              (1) 
𝑀𝑀𝐻𝐻−𝑠𝑠𝑑𝑑𝑣𝑣 = 𝑀𝑀𝐻𝐻 . sin𝛼𝛼𝐻𝐻              (2) 
 
     Therefore, to describe the random nature of 
blast induced rock movement one of the following 
combinations can be utilised for each 3D     
movement vector: (MH, MV, αH), (MH-ff, MH-dev, 
MV) or (M3D, αV, αH), where αV is the inclination 
of the movement vector. In this current research all 
7 movement variables are utilised to identify how 
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Table 2. Hypothesis tests for establishing the key factors leading to variation in blast movement. 
 

Null hypothesis (H0) Purpose Performed test 
Studied parameters are normally 
distributed 

Normality check for further hypothesis 
testing 

Kolmogorov-Smirnov 

Movement is identical for both 
flitches 

Identify whether BMM installation 
depth is a key factor 

Wilcoxon signed 
ranks 

Movement is identical for both 
explosive types 

Identify whether explosive type is a 
key factor 

Mann-Whitney U 
Kolmogorov-Smirnov 

Movement is identical for buffered 
and free face blasting 

Identify whether buffer type is a key 
factor 

Mann-Whitney U 

Movement is identical for all 
seasons 

Identify whether seasonal weather 
conditions are a key factor 

Kruskal-Wallis H-test 
Kolmogorov-Smirnov 

Movement is identical for locations 
in and out of voids proximity 

Identify whether void presence is a 
key factor 

Mann-Whitney U 
Kolmogorov-Smirnov 

Movement is identical for larger and 
smaller samples 

Representativity check Kolmogorov-Smirnov 

Movement is identical for all rock 
types 

Normality check for further hypothesis 
testing 
Identify whether rock type is a key 
factor 

Kolmogorov-Smirnov  
Kruskal-Wallis H-test 

 
 

each one is affected by blasting. In addition, the 
heave effect (He) is also introduced to this analysis 
to indirectly measure rock swelling in different 
conditions. The parameter is measured as a        
difference in elevation levels of the pre- and    
post-blast surfaces. The main groups of factors 
which are known to affect blast movement are 
blast design parameters, rock properties as well as 
the position of BMM within the blast panel. Many 
factors within these groups are studied thoroughly 
by previous authors. However, not much             
information is given on how these factors affect 
blasting operations with small benches and how 
are they affected by weather conditions or by the 
presence of different geological features.             
To identify the key factors, certain nominal        
parameters had to be assumed for the purpose of 
hypothesis testing. Table 1 shows the introduced 
parameters and their respective values. 
     Typically blast design parameters used in a  
correlation matrix with movement parameters    
include Burden (B), Spacing (S), Stemming length 
(T), Hole Length (HL), Explosive Column Length 
(EL), Powder factor (PF), Number of free faces 
(NFF) and Installation Depth (ID) (Yu et al. 
2021). The current correlation analysis is based on 
local parameters such as – Local Burden (LB),  
Local Spacing (LS), Local average subdrilling 
length (LJ), Local average stemming length (LT), 
Local powder factor (LPF), Local gas products 
per m³ of blasted rock (LGP), Local energy factor 
(LEF). These parameters represent the effect the 
three closest blastholes have in the zone where 

each BMM is placed. The decision of introducing 
these parameters to the analysis is that by utilising 
the usual blast design parameters, there are a lot of 
repeating variables which cannot explain the     
variance of blast movement. Hence, the               
introduction of these ‘local parameters’ is a way to 
achieve a better evaluation of the specific        
conditions in which each BMM is placed. Part of 
the overall blasting parameters (ID and NFF), in 
addition to the mentioned above local parameters 
are put in a correlation matrix to evaluate their    
influence on the movement variables. 

2.3     Statistical analysis 

Due to the non-normal nature of the data, non-
parametric tests were conducted for detailed   
studying of the blast induced rock movement. The 
Kolmogorov-Smirnov test (K-S test) was utilised 
in this study for performing normality distribution 
tests for each of the parameters in the samples. 
The Wilcoxon signed-ranks test (Wilcoxon 1945, 
Siegel 1956) is utilised for comparing top and   
bottom flitch movement due to their dependence 
on the same monitoring hole location. The    
Mann-Whitney U-test (M-W U-test) (Mann et al. 
1947, Fay et al. 2010) is performed to identify 
whether the medians of each two compared    
samples are the same, while the K-S test for two 
independent samples is used as a more robust 
method to identify any underlying differences    
between the distributions of the two samples, 
based on their cumulative functions. In addition, 
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Table 3. Results for installation depth hypothesis test. 
 

Parameter M3D MH MH-ff MH-dev αH MV αV 
Measure M m m m ° m ° 
P-value <0.001 <0.001 <0.001 0.425 Invalidated due to heteroscedasticity Results Reject H0 Reject H0 Reject H0 Retain H0 
 
 

the M-W U-test is affected by heteroscedasticity 
(Kasuya 2001). Therefore, this makes the M-W  
U-test the less reliable one, when differences in 
variances between the analysed subgroups is    
present. In addition, before each comparison, a 
Levene’s test of equality of variation is performed 
(Levene 1960). This was applied to check whether 
the results from each non-parametric test are valid 
(Brown et al. 1974). The Kruskal-Wallis H-test 
(Kruskal & Wallis 1952, Corder et al. 2009) is 
similar in its applicability with the Mann-Whitney 
U-test, however it can be used for comparing two 
or more independent samples. The assumed      
significance level of the tests is 0.05 with a      
confidence level of 0.95. Table 2 shows the     
conducted hypothesis testing, the purpose of the 
hypothesis test, the types and the respective   
method used. 
     Due to a number of missing values in the      
analysed sample, a smaller sample of 150          
observations was drawn out from the total number 
of observations during the period of the case study. 
The sample was tested for representativity by    
applying the K-S test to compare their distribution 
functions. The smaller sample contained a more 
detailed information on rock types, obtained by a 
previous geophysical study (Grigorova 2020). It 
was also used for obtaining the additional local  
parameters, which were not initially available. The 
analysis on how ‘rock type’ influences blast 
movement is based on the representative sample, 
while all other hypotheses are tested using the 

sample containing all observations during the     
period (over 1000). Due to the non-normal        
distribution of the data, a Spearman’s rho was used 
for the correlation analysis, which was based on 
the representative sample. All statistical analyses 
were performed using IBM’s software SPSS     
Statistics. 

3 RESULTS 

3.1     Normality check 

The results from the Kolmogorov-Smirnov test 
show that none of the movement parameters      
follow a Normal distribution. Therefore, a       
nonparametric test should be utilised for         
comparing movement parameters further. Figure 1 
represents each parameter’s Q-Q Plot. 
     Figure 1 graph serves only for illustrative    
purposes of the general variance and skewness of 
the movement parameters. A Normality test was 
also used for each sample in the following      
comparisons to justify the use of nonparametric 
methods. 

3.2     Movement in both flitches 

A typical way of placing BMMs is on each flitch 
level. This is done so that movement can be    
monitored distinctly along the bench height for the 
respective ore polygons in the top and bottom 
flitch. The results for the hypothesis testing are 
represented in Table 3 and Figure 2. 

Figure 1. Q-Q Plots for the studied parameters of movement (Normality test). M3D, MH, MH-ff, MH-dev 
(upper row in that order), αH, MV, αV and He (lower row in that order). 
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     The K-S test was used for identifying any    
significant differences between the distributions of 
αH, MV, αV. Results show that there αH and MV  
differ on both flitches from a statistical standpoint 
(α<0.001). The angle deviation of movement does 
not differ significantly on both flitches (α=0.067). 
Therefore, no significant difference can be          
established in the horizontal movement deviation. 
     This relation can be drawn from the fact that   
at a small bench height (5 m) the gases generated 
by the blast do not have sufficient energy at        
the lower flitch level to cause it to move further. 
Therefore, the upper flitch’s movement is bigger 
due to the low resistance the gases meet towards 
the front and upper part of the bench. The        
conclusion which can be drawn from this        
comparison is that in open pit mines with small 
benches and a low powder factor, the D-shaped 
curve of blast movement cannot be distinctly     
observed as in cases with higher benches.     
Therefore, for future modelling problems the      
D-shape effect can be neglected for achieving 

simplicity of the muckpile geometry. In addition, 
movement can vary significantly between both 
flitch levels which reinforces the idea of        
monitoring both flitches. In terms of horizontal 
movement, the difference between the two       
medians is 0.5 m which is relatively low,        
compared to previous works, but nonetheless    
impactful for shoveling operations. 

3.3     Movement in buffered and free face blasting 

Buffered blasting was less likely to occur in the 
mining operation, however, it should be accounted 
for as significant difference in movement           
parameters can occur according to previous works 
(Thornton, 2009). In many cases a buffer in front 
of the free face of the blast panel is unintentional 
due to the presence of leftover blasted rock. Figure 
3 represents the percentage of free face and     
buffered blasts which were observed, as well as a 
general idea of how buffered blasting is            
performed. 

Figure 2. Box and whiskers plots of the movement parameters depending on the BMM installation depth. 
M3D, MH, MH-ff, MH-dev (upper row in that order), αH, MV and αV (lower row in that order). 
 

Figure 3. Blast movement cases observed in buffered or free face blasting (left). Illustration of buffered 
blasting (right) – source: Mala gіrnicha enciklopedіja 2004. 
 



 

 
- 196 - 

Table 4. Results for buffer presence hypothesis test. 
 

Parameter M3D MH MH-ff, MH-dev αH MV αV He 
Measure m m m m ° m m ° 

P-
value 

M-W U-
test 0.088 0.016 0.015 0.168 0.191 0.068 0.002 <0,001 

K-S test 0.277 0.031 0.039 0.126 0.314 0.205 0.003 0.001 

Results Retain 
H0 

Reject 
H0 

Reject 
H0 

Retain 
H0 

Retain 
H0 

Retain 
H0 

Reject 
H0 

Reject 
H0 

 
 
 

 

    The M-W U-test and K-S were both conducted 
for this analysis as the two samples are               
independent and occurred on different occasions. 
The results from the two tests are represented in 
Table 4 and Figure 4. 
     Researchers point out that utilising buffered 
blasting can lead to the prolonged work of gases 
generated by the blast, which leads to improved 
rock size (Anachkov et al. 1974). On the other 
hand, this leads to a more chaotic blast movement 
and an unpredictable movement in a vertical       
direction (Thornton 2009). It is not surprising that 
the medians for MH and MH-ff are slightly less for 
buffered blasting. In addition, the heave effect in 
buffered blasting is bigger as buffered blasting   
affects the direction where gases push fragmented 
rocks upwards. However, in this study no         
significant difference of vertical movement in both 
cases was established. Movement, represented by 
M3D does not exhibit an overall difference, due to 
the lack of statistically significant difference in 
vertical movement. Nevertheless, this should be 
investigated thoroughly in a future study to        

uncover whether there are cases where explosive 
types affect vertical movement in buffered      
blasting scenarios or whether there is a difference 
in vertical movement in only one of both flitches. 

3.4     Movement for different explosive types 

ANFO, as the cheaper of the two utilised blasting 
agents, was mainly used for the operation. Figure 
5 represents the percentage of blast movement   
observations in conditions of both explosive types, 
as well as a visual representation of them.      
However, the reader should be informed that this 
is not the actual watergel explosive used. The  
photo serves only as an illustration. Results are 
shown in Table 5 for both tests used. 
     Results show that there is a statistically        
significant difference in movement between      
utilising ANFO and a packaged watergel           
explosive. Horizontal movement is approximately 
0.5 m bigger in the case of ANFO. This can be   
attributed to higher amount of gas products         
released by ANFO which led to pushing rock    

Figure 4. Box and whiskers plots of the movement parameters depending on buffer presence. M3D, MH, MH-ff, 
MH-dev (upper row in that order), αH, MV, αV and He (lower row in that order). 
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Table 5. Results for explosive type hypothesis test. 
 

Parameter M3D MH MH-ff, MH-dev αH MV αV He 
Measure m m m M ° m M ° 

P-value 
M-W U-
test 

<0,001 <0,001 <0,001 0.717 Invalidated due to heteroscedasticity 

K-S test <0,001 <0,001 <0,001 0.558 <0,001 <0,001 <0,001 <0,001 

Result Reject 
H0 

Reject 
H0 

Reject 
H0 

Retain 
H0 Reject H0 Reject H0 Reject 

H0 
Reject 
H0 

 
 

 

 

further compared to watergel explosives. In    
comparison, the Packaged watergel explosive has 
a higher relative strength and velocity of           
detonation (VOD). This causes improved rock 
fracturing resulting in the lower resistance in the 
flow of gases between the induced fractures. This 
leads to the less overall movement. Although one 
can notice a significant difference in the            
distribution of the angle of horizontal movement 
deviation, the resultant vector of horizontal 
movement deviation had no statistically significant 
difference in both subsamples. Overall results can 
be seen in Figure 6. 

     A conclusion which can be drawn is that the 
packaged watergel explosive proves to give     
consistently better results in terms of movement 
compared to ANFO and therefore, the feasibility 
of its application should be investigated in future 
works. 

3.5     Movement during different seasons 

This analysis was conducted only on observations 
where ANFO is used because of its more common 
use, compared to the Packaged watergel explosive 
(Figure 7). ANFO was used during the winter and 

Figure 5. Blast movement cases observed in blasting with different blasting agents (left). Types of blasting 
agents used – ANFO (centre), Packaged watergel (right). 
 

Figure 6. Box and whiskers plots of the movement parameters depending on the explosive type. M3D, MH, 
MH-ff, MH-dev (upper row in that order), αH, MV, αV and He (lower row in that order). 
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Table 6. Results for season type hypothesis test. 
 

Parameter M3D MH MH-ff MH-dev αH  MV αV He  
Measure M m m m ° m ° m 
P-value Invalidated due to 

heteroscedasticity 
0,003 0,003 0,393 0,908 0,003 

Result Reject H0 Reject H Retain H0 Retain H0 Reject H0 
 
 
Table 7. Comparison between movement parameters depending on season type. 
 

Parameter MH-dev, αH  He 
Sample ST=1 ST=2 ST=3 ST=4 ST=1 ST=2 ST=3 ST=4 
ST=1 -       -       
ST=2 Retain -     Retain -     
ST=3 Retain Retain -   Retain Retain -   
ST=4 Reject Retain Retain  - Retain Reject Reject - 
 
 

spring as 2/3 of each month for both seasons had 
no rainfall or snowfall. During the summer period 
only 5 days per month had rainfall which led to the 
unavoidable use of the packaged watergel in these 
conditions. 
     Unsurprisingly, the magnitude of blast    
movement is not affected by different              
temperatures and humidity during seasons,     
however movement can vary significantly between 
seasons. Part of the results were invalidated after 
performing a Levene’s test of variance. As it can 
be seen by the results in Table 6, M3D, MH and  
MH-ff   are heteroscedastic and therefore, they were  
excluded from the analysis. 
     In statistical terms comparing, M3D, MH and 
MH-ff can be done either by violating the             
requirement of equal variances for performing a 
K-W H-test, or a normal distribution must be     
assumed in order to perform a Welch t-test for  

unequal variances (Welch 1947). In both cases no 
significant difference between season subsamples 
can be found. The same result can be achieved 
when applying a paired K-S test. Vertical    
movement and inclination of movement exhibit no 
significant difference. In terms of the magnitude 
and variance of M3D, MH and MH-ff from an        
engineering perspective the median difference   
between the seasons is below 0.1 m, which     
compared to the average rock size after blasting 
can be considered as negligible. Results from 
comparing movement parameters are done by    
using a post-hoc test with Bonferroni corrections. 
A detailed comparison between seasons is shown 
in Table 7. 
     A more detailed picture on movement variation 
between seasons can be found in Figure 8. 
     Previous studies prove that temperature is a 
factor which can influence the VOD of explosives 

Figure 7. Blast movement cases observed in blasting during different seasons (left). Annual regional temperature 
and rainfall for the studied operation (right). 
 

1 – Spring; 2 – Summer; 3 – Autumn; 4 – Winter 
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(Mertuszka et al. 2019, Dobrilović et al. 2014). M. 
Dobrilović et al. studied how temperatures close to 
meteorological conditions can influence the VOD 
of ANFO following a linear relationship. During 
winter due to the coldest monthly temperatures for 
the year, the VOD of ANFO do drop to certain  
degree, which potentially leads to the smaller 
crushing zone radius. Therefore, gases working   
in a prolonged time in a confined space             
hypothetically can lead to the observed bigger 
heave effect during winter, compared to hotter 
conditions during summer. Again, the observed 
difference is low as an absolute value which is  
approximately the same as average size of material 
(0.15 m). During spring and autumn the deviation 
form movement towards the free face exhibits a 
statistically significant level of difference, which 
cannot be explained in a straightforward manner. 
However, this must be investigated in future    

studies to claim whether this is coincidental or not. 
As a conclusion, seasonal conditions do not seem 
to impact the magnitude of the resultant blast 
movement vector, however they can affect the   
deviation of blast movement in different season 
conditions. Nonetheless, the observed difference 
between movement parameters may be a           
statistically significant, but their absolute           
difference is not of significance for mining        
operations. 

3.6     Movement in proximity of void zones 

During the exploration of the deposit certain zones 
were identified as potential voids which were 
mapped and the overall shape of their zones was 
interpolated. However, at certain times in order to 
monitor ore polygons closely, a BMM should be 
placed in proximity or inside the supposed          

Figure 8. Box and whiskers plots of the movement parameters depending on the season of observation. 
M3D, MH, MH-ff, MH-dev (upper row in that order), αH, MV, αV and He (lower row in that order). 
 

Figure 9. Blast movement cases observed in proximity to cavern and void proximity (left). An exemplary blast 
panel with BMM locations near assumed boundary of the void zone (right). 
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Table 8. Results for void presence hypothesis test. 
 

 

Parameter M3D MH MH-ff MH-dev He αH MV αV 
Measure m m m m ° ° m M 

P-
value 

M-W U-
test Invalidated due to heteroscedasticity 0.559 0.383 0.039 

K-S test <0,001 0.001 0.001 0.475 0.035 0.191 0.537 0.080 

Result Reject 
H0 

Reject 
H0 

Reject 
H0 

Retain 
H0 

Reject 
H0 

Retain 
H0 

Retain 
H0 

Reject 
H0 

 
 
 

 

locations of these void zones as shown in Figure 9. 
     This test aims to identify whether movement 
variation, especially the values of αH and αv seem 
to differ significantly due to changes in the         
direction of blast wave propagation in the presence 
of voids. The results from the hypothesis tests are 
shown on Table 8 and Figure 10. 
     No significant differences can be observed in 
terms of changes of movement direction, but      
interestingly the analysis shows that more outliers 
in terms of αH and αv are present at the zone out of 
the voids’ proximity. This can be explained by the 
fact that the areas, which are supposed to represent 
the existence of voids may not be entirely precise. 
Therefore, part of the observations with an          
attribute of VP=1 could be ‘false alarms’ and vice 
versa – part of the observations absent of voids 
may actually be in their presence. Therefore, this 
analysis cannot be performed in a robust manner. 
However, this shows that a different methodology 
should be used in the future for detecting the    
correct shapes of void zones. 

3.7     Movement in various rock types 

Rock type data was not initially available for each 
BMM location in the desired detail. Usually    
mining operations attribute similar values or the 
same value for rock type parameters for a series of 
blasts, which was the case here. In order to make a 
better distinction of rock types in each blast panel, 
data collected by previous geophysical          
measurements was used for this paper. Electrical 
Resistivity Tomography (ERT) was used in a   
previous study to characterise layers by exploiting 
resistivity contrasts between different geological 
features. The specific electrical resistance of    
conglomerates and clays is lower due to their    
saturation with pore water. The silicified           
sedimentary rocks are pointed out as one of the 
highest electrical resistance rocks. Thus, the     
specific electrical resistance of the breccia       
conglomerate with quartz inclusions is distinctly 
higher than the one of metamorphic clasts and 
clays (Grigorova 2020). Figure 11 represents a 

Figure 10. Box and whiskers plots for the movement parameters depending on the void proximity. 
M3D, MH, MH-ff, MH-dev (upper row in that order), αH, MV, αV and He (lower row in that order). 
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Table 9. Results for rock type hypothesis test. 
 

Parameter M3D MH MH-

ff MH-dev αH MV αV He 

Measure m m m m ° M ° m 

P-value Discarded from 
analysis due to 
heteroscedasticity and 
normality  

0.299 0.181 0.821 0.679 
Invalidated due to 
heteroscedasticity 

Result Retain 
H0 

Retain 
H0 

Retain 
H0 

Retain 
H0 

 
 

 

 

section of a blast panel, where each BMM was 
placed. 
     This hypothesis aims to identify the potential 
difference in blast induced movement in different 
geological features while applying a similar   
powder factor for the considered blasting panels. 

Results are shown in Table 9. 
     Due to heteroscedasticity, the results from the 
K-W test were discarded for M3D, MH, MH-ff      
and He. 
     A better understanding of the movement      
variation can be gained from Figure 12. 

Figure 11. Blast movement cases observed in different rock types (left). Rock types data used from Electrical 
Resistivity Tomography (right). (Source: Grigorova 2020). 
 

Figure 12. Box and whiskers plots for the movement parameters depending on rock type of placement zone. 
M3D, MH, MH-ff, MH-dev (upper row in that order), αH, MV, αV and He (lower row in that order). 
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Table 10. Non-parametric tests comparison between movement parameters depending on rock type. 
 

Parameter M3D, MH, MH-ff He 
Sample RT=1 RT=2 RT=3 RT=1 RT=2 RT=3 
RT=1 -    -    

RT=2 Reject H0 -  Reject H0 -  

RT=3 Retain Reject H0 - Reject H0 Reject H0 - 
 
 

Table 11. Correlation matrix of blast movement. 
 

 

     Interestingly the discarded M3D, MH and MH-ff 
for all three groups exhibit a value of α=0.2    
when applying a K-S test for normality check. 
Therefore, they are assumed to be normally       
distributed. A Welch t-test was performed for all 
three subsamples of rock types to investigate mean 
differences between M3D, MH and MH-ff. A   
Games-Howell post-hoc test was then applied for 
identifying the difference and the level of their 
significance between each group. The He            
parameter exhibits a distribution, which cannot be 
assumed to be normal. Applying a K-S test       
remains the only valid way for testing whether 
there is an underlying difference between the   
empirical cumulative functions between the heave 
effect for all three rock types without violating 
normality assumptions or assumptions on the  
sample variances. Results are shown in Table 10. 
     The results show that no significant difference 
can be observed for rock movement in Zones 1 
and 3. This similarity can be drawn from the fact 
that wet clays can negate blast movement due to 
their plasticity and lower velocities of propagation 
of stress waves. As the ERT study suggest, the 
Zone 1 had the lowest resistivity which can be    
attributed to their saturation with pore water 
(Grigorova 2020). Lower movement in Zone 3 can 
be explained due to the insufficient level of the 
powder factor for proper rock fragmentation. In 
addition, the two zones display a statistically    
significant difference in their heave effect (He)  
distributions. This also can be attributed due the 
insufficient blasting energy in Zone 3, which can 
lead to a bigger percent of oversize and therefore 

less heave. However, this difference as an absolute 
value is negligible in practical terms but should be 
kept in mind in blast movement modeling.        
Hypotheses for M3D, MH and MH-ff were rejected 
due to the presence of a statistically significant  
difference in movements when comparing Zone 1 
and Zone 2. This can be explained by the fact that 
clays from Zone 1 propagate stress waves induced 
by blasting slower compared to sedimentary rocks. 
This results in less horizontal movement in Zone 1 
compared to the easily breakable breccia. The little 
difference, however, of the heave effect in both 
cases can be attributed to similar swelling factor 
for both rock types. Nevertheless, from a practical 
standpoint the absolute difference between the 
medians in both cases is lower than the average 
rock size. When comparing Zone 2 and Zone 3 it 
was also established that M3D, MH and MH-ff are 
significantly different from a statistical standpoint. 
The difference between the two groups of medians 
is approximately 0.3 m. From a practical       
standpoint this distance is higher than the average 
rock size in this case study, which can lead to   
certain levels of loss and dilution if neglected. A 
bigger heave effect in Zone 2 was also observed 
compared to the one in Zone 3, which can be      
attributed the better breaking of the breccias    
from Zone 2 compared to the poorly fractured   
siltstone. 

3.8     Correlation analysis 

For this test the Spearman’s rho was used as the 
distribution of the variables is non-normal.        
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The overall high variation in the data, as well as 
the imbalanced sample all lead to lower levels of    
correlation. Nonetheless, blast design parameters 
are key for the magnitude of movement as shown 
on Table 11. 
     Out of the correlation matrix it can be observed 
that, the magnitude of the 3D vector is highly     
affected by the horizontal component, in particular 
the vector, perpendicular to the isochrones.   
Therefore, it is affected mainly by the blast design 
parameters as well as the amount of gas products 
each explosive type releases during detonation. 
This can be explained by the pushing force of the 
expansion of explosive gases inside the confined 
space of the drill-hole. Installation depth also 
seems to affect movement, it has a significant     
effect on vertical movement. The local energy  
factor has a relatively low correlation with all 
movement parameters. Based on previous           
research, this can be attributed to the unknown  
coefficient of the blasting chemical reaction’s     
efficiency, as well as the exact percentage of     
energy distributed strictly for work in the physical 
sense of the word (Mitkov 2020). For future       
research different sampling strategies could be  
applied given that a bigger number of observations 
is obtained, which could lead to a more balanced 
sample for the sole purpose of analysing how 
movement is affected by blast parameters.     
Nonetheless, the information this correlation     
matrix provides is essential for planning future  
operations, as it is compliant with the suitability of 
each drilling pattern used in the current geological 
conditions, which is essential for the mining of   
future pushbacks. 

4 CONCLUSIONS 

The main conclusion which can be drawn from 
this study is that blast movement is indeed      
highly variable in terms of the distribution of the 
parameters of movement. However, when       
comparing the medians of movement variables as 
an absolute value, a small difference in practical 
terms can be observed. On one hand, this result is 
satisfactory, as this lowers the number of factors 
having a significant effect on blast movement. On 
the other hand, this leads to an unexplained       
variance in terms of movement. This can seem 
paradoxical at first, but blast movement is very 
much affected by all qualitative parameters above 
– BMM installation depth, the presence of a buffer 
in front of the free face, the type of explosive used, 
the weather conditions, the geological conditions 
in terms of voids presence and rock types. At the 
same time, operations utilising small bench    

blasting, the influence of these factors is 
downscaled, especially when utilising a low   
powder factor. Even though significant differences 
do occur in terms of the statistical distributions of 
movement parameters, the difference between the 
examined medians points out that in certain cases 
some factors can be neglected as they are not   
crucial for the end-result in mining operations. In 
most cases a significant difference in vertical 
movement was not observed, which makes vertical 
movement, and therefore, internal dilution an    
unavoidable effect. Although there is a small     
absolute difference between the medians of the top 
and bottom flitch movement, both flitches should 
be monitored in terms of better grade control. In 
addition, blasting with packaged slurry provides 
consistently better results in terms of horizontal 
and vertical movement compared to ANFO, which 
makes it a potential substitute. Therefore, a      
suitable explosive type and blast designs         
compliant to geological conditions are              
fundamental for controlling blast movement in  
operations with small benches. In terms of   
movement, horizontal angle deviation and          
inclination of movement seem to vary a lot, but the 
low magnitude of blast movement negates their 
high level of variance. In conclusion, this analysis 
proves that operations with small benches utilising 
a low powder factor achieve blast movement      
results which are very close to the assumptions, on 
which blast movement algorithms work due to 
high correlations between horizontal movement 
perpendicular to the isochrones and the 3D   
movement vector. In addition, this study can be 
used as a starting point for future modelling of 
blast movement, as well as for operations which 
aim to reduce their powder factor to minimise 
movement. 
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