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2. Blasting work experiences 
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1 INTRODUCTION 

 

The company’s core business is the mining and 

primary processing of copper-gold-pyrite ore from 

the Chelopech deposit. The current design      

comprises four vertical shafts and two declines 

that provide the main access from the surface, and 

a network of declines, ramps and drives that    

provide access to the reserves on the production 

sub-levels. In 2005, Chelopech changed the       

historical sub-level caving (SLC) method with the 

long hole open stoping with fill (LHOSF) method 

and nearly all of its production since 2006 comes 

from LHOSF. The production stopes are mined by 

conventional drilling and blasting. Total            

explosives in the blast vary from 1-2 tons to 10-12 

tons, which automatically classifies it as a mass 

blast releasing a large amount of blast energy. The 

law of conservation of energy states that energy 

can neither be created nor destroyed; rather, it can 

only be transformed or transferred from one form 

to another. If we apply this law to the energy    

generated by the explosive in the blasthole, it 

means that the more energy for rock                

fragmentation, the less energy for airblast and    

vibrations. 

     It has been confirmed that finer fragmentation 

is achieved in some stopes, where the average 

block or particle size is smaller than the standard. 

This means that excessive amount of energy is 

Analysis of the potential causes of finer fragmentation  

of blasted ore 
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ABSTRACT: Chelopech copper-gold mine in Bulgaria is operated by Dundee Precious Metals           

Chelopech. The mining method is long hole open stoping. Ore is mined by blasting 89 mm blasthole rings 

using ANFO as the primary explosive. Ore fragmentation was analysed using the WipFrag particle size 

analysis software. It was confirmed that finer fractions were dominant in the Chelopech production 

stopes. According to cumulative percentage data, the actual average ore particle size was smaller than the 

recommended value for the mine. That resulted in higher drilling and blasting costs. The potential causes 

of finer fragmentation were then discussed: high induced stresses in the ground that affected charging, 

blasthole deviations during drilling affecting the design geometry of the blast, charge initiation sequence 

that is not suitable. The production blast pattern was analysed and it was confirmed that more energy was 

induced than what would normally be required to break the orebody. The recommended course of action 

was to increase the burden and blasthole spacing, which resulted in the engineering of a new blast pattern. 

The preliminary results indicate that the decision was right. We are expecting positive economic results. 
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Figure 1a. Typical downhole ring drilling design. 

 

used to break the rock, which increases labour 

costs, drilling metres and explosive consumption. 

The ore is ground in a semi-autogenous grinding 

(SAG) mill, which requires different fragment  

sizes to ensure efficient comminution. 

     The mine currently operates a state-of-the-art 

fleet of highly efficient drill rigs and uses modern 

blasting methods that meet international standards. 

We monitor fragmentation and the effects of  

blasting on the environment. Mine management is 

aware that drilling and blasting should improve 

continuously to be able to meet ever growing     

requirements and needs. 

 

2 PROJECT DOCUMENTATION FOR 

PRODUCTION BLASTING 

 

The mining rate at Chelopech is 2.2 Mtpa, of 

which 2.1 Mt come from stopes. On average, 

about 250,000 m of blastholes are drilled and 

1,000 t of explosives are blasted every year.     

Production drilling utilises Sandvik DL420-15C 

longhole drills capable of drilling holes with a    

diameter of 89 to 127 mm and a depth of up to 54 

metres arranged in a full ring (360º) at a wide 

range of blasthole/ring plane tilt angles. 

     Production blasting design documentation 

meets international standards. The first executive 

document that is generated is the drilling design. It 

defines the hole direction (upholes or downholes), 

the geometry and layout of the holes, the total   

metres to be drilled, the required amount of drill 

rods, the drill site location, the type of the drill rig, 

the location of the rotation centres of the rig, the 

ring pitch. A table showing the drilling parameters 

(hole id, its drilling centre, drilling angle, hole 

length and rod length) is generated. Figures 1a and 

1b shows typical uphole and downhole drilling      

patterns. 

     Once drilling is completed and the actual       

locations of the blastholes are surveyed, the    

blasting pattern is selected and the blast design is 

prepared (Figures 2a and 2b). It defines the charge 

and stem lengths, the detonator types and          

corresponding delays, the total amount of          

explosive, the explosive per metre of column,    

the primer type, number and locations, the          

total mass of explosives per ring, and the      

charge design. The different column lengths         

in the blastholes ensures even distribution of the 

blast energy across the blasted slice. 
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Figure 1b. Typical uphole ring drilling design. 

 

Figure 2a. Typical downhole ring blast design. 
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Figure 2b. Typical uphole ring blast design. 
 

Figure 3. Charge design. 

 

 

     The charges are fired using Nonel MS and LP 

detonators. The primers are TP ELI pentolite 

boosters. Bottom priming is used, where a bottom 

charge column of 2 to 2.5 m is placed at the toe of 

the hole followed by the primer and the main 

charge. If the blasthole is longer, additional     

primers are placed every 10 m. The charge design 

is shown in Figure 3. 
 

3 GEOMETRY OF DRILLING AND 

BLASTING 
 

The blasthole diameter is the principal geometrical 

parameter of drilling and blasting because it       

defines the rest of the geometrical parameters. At 

the same time, it is an energy parameter because 

the amount of energy induced into the rock per 

metre of column is a function of the hole diameter. 

The hole diameter that is used in the Chelopech 

mine is 89 mm, and the mining practice around the 

world shows that it is a common diameter in long 

hole stoping of massive orebodies similar to those 

at Chelopech. 

     The burden (W) depends on the hole diameter 

and the common practice is to take an empirical 

approach to estimate it using empirical equations 

or as a multiple of the hole diameter. The best   

approach, however, is to determine it by in-situ 

testing in actual conditions. That same approach 

was taken at Chelopech and a site-specific test 

method was developed (Georgiev 1990) to study 

burden in the mine. The test comprises firing a 

single charge in a blasthole that is drilled at an  

angle to a free face (Figure 4a). A large enough 
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Figure 4a. In-situ burden determination: test method. 

 

Figure 4b. In-situ burden determination: test results. 
 

free face should be used to avoid bias. The        

distance to the exposed surface, i.e. the burden,  

increases with the hole length. The optimum    

burden is the burden that ensures maximum break 

with acceptable fragmentation. The angle of 

breakage formed by the breakout prism and the 

cross-section of the prism are measured, which 

provides valuable information about the             

geometrical parameters of the resistivity of the 

rock to explosive breakage. Figures 4a and 4b     

illustrate the test method and its results. 

     In this way, the test determines the baseline 

burden value, which is extremely important       

because it is a true value. This baseline value is 

taken as the ‘design’ burden in all drill and blast 

designs. For the purpose of the analysis, we draw a 

comparison of the true burden that has been       

determined  by  in-situ  testing  for  the  Chelopech  
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Figure 5a. Geometrical values of burden (W) and spacing (a) for single row/ring blasting 
 

Figure 5b. Geometrical and true values of W and a for multiple row/ring blasting (after Stefanov 2017). 

 

mine with international practice. The long years of 

international drilling and blasting experience in 

similar conditions have shown that the typical  

values for the burden range (Equation 1) 
 

                                (1) 
 

     A recent study (Villaescusa 2014), which is an 

overview of international practice in long-hole 

sub-level stoping for the last 25 years (Equation 

2), suggests another formula to be used to estimate 

burden from the hole diameter d: 
 

                                    (2) 
 

     The nominal drilling diameter of 89 mm is 

normally used in the drill and blast designs. The 

actual diameter, however, is smaller due to the 

wear on the drill bits. At Chelopech, the wear limit 

is 83.5 mm. If the diameter of a hole at the toe is 

83.5 mm, the explosive per metre of column 

would effectively be reduced from 5.0 kg/m to 4.4 

kg/m. The toe portions of the charges are critical 

to good fragmentation and to the final contours of 

the production stope. The negative effect from the 

reduced powder factor at the toe could be       

compounded by any deviations in drilling           

effectively increasing the toe spacing. This       

negative effect could be partially offset by the 

higher energy of the booster in the toe portion of 

the hole, but sometimes that could not be enough. 

Therefore, the wear on the drill bits and hole     

deviation should be monitored regularly, and the 

drill and blast parameters of the outer holes in a 

ring should be adjusted accordingly to offset      

potential problems. 

     The spacing а and burden W ratio m, or 
 

                                                            (3) 

 

is also an important geometrical parameter, whose 
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Figure 6a. Stope fragmentation data at W=2.1, curves of % passing from 5 images. 

 

recommended value from practice is m=(0.8 1.2) 

for single row/ring blasting (Figure 5a), and 

m=(1.25 1.5) for multiple row/ring millisecond 

delay blasting in competent rock similar to that at 

Chelopech. 

     Depending on the blast pattern, the spacing and 

burden ratio changes because the geometrical   

values of W and а change, and thus fragmentation 

can be controlled (Stefanov 2017). 

     Figure 5b shows that if we choose a wedge cut 

blast pattern, the burden and the spacing between 

charges change and have other values: the burden 

decreases by 30-40% and the spacing increases, 

which nearly doubles the burden and spacing      

ratio m. 

 

4 BLASTED ORE FRAGMENTATION 

ANALYSIS 

 

Firing a single hole in the hard and high-density 

Chelopech rocks shows that after the formation of 

the crushing zone around the charge, whose size is 

5 7 Rc (Rc – charge radius), a cylindrical stress 

wave is induced in the rock forming radial cracks 

within the burden. The main breakout is caused by 

the reflected wave, which propagates from the free 

face to the centre of the blast inducing tensile 

stresses and forming concentric cracks. The   

products of the blast, i.e. the post-blast gases, 

which are heavily compressed in the charge space, 

rush into the newly formed cracks, expand them 

and form more, newer cracks, and then the broken 

rock is thrown away by the residual energy of the 

post-blast gases. 

     The actual ore fragmentation at Chelopech is 

not an issue normally. It is recorded and             

investigated as necessary when changes in the 

grain size are noticed and it is necessary to find the 

cause, or when tests are conducted. In 2017, we 

completed an analysis of production blasting in the 

Chelopech underground mine and analysed the   

results from the test stopes for the average particle 

size (186.62 mm) at a burden W=2.1-2.2 m and 

hole toe spacing of 2.2 m. 

     Figures 6a & b, shows the fragmentation data 

for a stope with W = 2.1 m. Figure 6a presents   

the curves of the passing percentage from 5       

images, and Figure 6b presents the cumulative  

size distribution curve. In addition, the second  

figure features a histogram of the size                

distribution. 

     The histogram indicates normal distribution 

slightly offset to the left, which means that finer 

fractions dominate. The 147-215 mm size range is 

the largest representing 12.68% of the total mass 

(the tallest bar). The exact limits of the size range 

are derived from the % passing data. Figure 6b   

also indicates that at the point of intersection of the 

size distribution curve with the 800 mm size (the 

pointer), the passing percentage is 97%, or the 

amount of oversizes is about 3%. Based on the   

results from the test stopes for the average particle 

size (186.62 mm), the burden has been increased 

to W=2.3 m and hole toe spacing has been       

widened to 2.4-2.5 m. 
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Figure 6b. Stope fragmentation data at W=2.1, cumulative size distribution curve. 

 

Figure 6c. Cumulative percent passing (size distribution) curves in stope #19E-200-71A. 
 

     The current analysis will review the ore    

fragmentation after the increase of the burden. 

     A photo camera was used to take 2D photos of 

the blasted pile and then the pictures were        

processed through the WipFrag software. A total 

of 39 observations of different orebodies (19Е; 

19W; 103; 150 and 151 – top, bottom, bottom 

right, bottom left parts and whole rings) are    

summarised in this paper, including 14 of 19E, 6 

of 19W, 2 of 103, 2 of 150, 5 of 151; drilling      

diameter: 89 mm. 

     The example that is discussed below includes 

the data from the observations of stope #19E-200-

71А after blasting 89 mm holes. The pictures    

feature whole rings and top parts. The image      

includes a chart – cumulative percent passing (size 

distribution curve) and data in a table format  

(Figure 6c). This type of analysis uses the term 

‘cumulative percent passing’, which means how 

much of the total blasted ore passes through a 

sieve of a particular size. The percent passing       

is added to the previous one to obtain the         

‘cumulative’. 

     In Figure 6c, ten cumulative percent passing 

curves (size distribution curves) are plotted, which 

correspond to ten observations (images) of the 

blasted pile. Eight of the curves (encircled in an 

oval) are very close to one another, which          
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Figure 6d. Stope fragmentation data for stope #19W-290-14B, curves of % passing from 5 images. 
 

Figure 6e. Stope fragmentation data for stope #19W-290-14B, cumulative size distribution curve. 
 

indicates nearly identical fragmentation. The two 

curves on the left are shifted to the left, i.e. to the 

finer size, which indicates finer ore. 

     The window in the top left corner of the chart 

provides the percent passing statistics, which are 

as follows: 
 

D01 means 1% of the material is 14.59 mm or 

smaller; 

D20 means 20% of the material is 173.04 mm or 

smaller; 

D50 means 50% of the material is 274.86 mm or 

smaller; 

D80 means 80% of the material is 452.75 mm or 

smaller; 

D99 means 99% of the material is 957.22 mm or 

smaller; 
 

     At Chelopech, an oversize is any rock fragment 

that is larger than 800 mm. In our case, four of the 

cumulative percent passing curves cross the 800-

mm line (edged out in red; the points of              
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Figure 6f. A curve summarising the observations in stope #151-165-15C and indicating more 

favourable size distribution. 

Figure 6g. A cumulative percent passing (size distribution) curve summarising 4 images of the 
fragmentation in stope #150-165-3А. 

 

intersection are in yellow). The curves cross the 

800 mm at 91-95%, which means that the        

oversizes are only 5 to 9% of the total mass but 

only for that loading cycle. In our example, it is 

clear that since 99% of the rock is 957.22 mm or 

smaller, only 1% of it is larger. 

     This size is not set up in the software that we 

use; therefore, the software statistics does not split 

the rock fragments into smaller and larger than 

800 mm. 

     Figures 6d and 6e show the fragmentation data 

for stope #19W-290-14B, complete rings. Figure 

6d presents the curves of the passing percentage 

from 5 images, and Figure 6e presents the        

cumulative size distribution curve. In addition, the 

second figure features a histogram of the size    
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Figure 6h. A curve summarising fragmentation in stope #103-300-5В. 
 

distribution. 

     The histogram indicates normal distribution 

slightly offset to the left, which means that coarser 

fractions dominate. The 316-464 mm size range is 

the largest representing 21.60% of the total mass 

(the tallest bar). The exact limits of the size range 

are derived from the % passing data. Figure 6e   

also indicates that at the point of intersection of the 

size distribution curve with the 800 mm size, the 

passing percentage is 79%, or the amount of   

oversizes is about 21%. 

     Figure 6f presents the curve for orebody #151 

summarising the observations in stope #151-165-

15C and indicating much less amount of coarse 

sizes – 99% are smaller than 667.38 mm and     

1% are larger than 667.38 mm. Here, the         

fragmentation is more favourable because the 

oversizes are minimised and the size of the rest of 

the material ensures good loading efficiencies. 

     Figure 6g summarises fragmentation in lower 

and upper parts in stope #150-165-3A. 

     Here, the size distribution is also normal, which 

is evident from the histogram, indicating more 

coarser material. The 464-618 mm size fraction is 

the largest. 

     Figure 6h summarises fragmentation in lower 

and left parts in stope #103-300-5B. 

     Here, the size distribution is not good, which is 

evident from the histogram, indicating a larger 

number of oversizes. About 79% of the rock  

fragments are 800 mm or smaller, which means 

that the amount of oversizes is about 21%. 

The 316-464 mm size fraction is the largest. 

 

5 AVERAGE PARTICLE SIZE AND 

AMOUNT OF OVERSIZES 
 

The average particle size is one of the most       

important fragmentation characteristics because it 

is a true representation of fragmentation quality. 

Unlike the amount of oversizes, which is only a 

relative estimate of the fragmentation quality, the 

average linear dimension of the fragmented rock 

particles is an absolute indicator of the rock    

fragmentation quality – good or bad. The smaller 

the average linear dimension of the fragmented 

rock particles, the finer the overall fragmentation 

in the blasted pile, and vice versa – the larger it is, 

the coarser the fragmentation. 

     The correct way of deriving the average       

particle size is to calculate it as a weighted average 

of the sizes of the size fractions using the           

following equation: 
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2211                      (4) 

 

where: d1…n is the linear size of the size fraction, 

and Δ1….n is the percentage of that same size    

fraction from total blasted rock. 

     The average particle sizes are derived from    

the cumulative percent passing data for the   

above-mentioned stopes. The data is presented in 

Table 1. 
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Table 1. Average particle size in the stopes with 
fragmentation records. 

 

Stope # Average       

particle size, 

mm 

19Е200-71А 390.73 

19W-290-14B 577.16 

151-165-15С 345.59 

150-165-3A  529.08 

103-300-5В 561.60 

 

Table 2. 

 

Parameters  W=2.1 m W=2.3 m Variance 

Explosive ANFO  ANFO - 

Density g/cm3 0.82 0.82 - 

Hole dia. mm 89 89 - 

Average blast ring area m2 529.4 529.4 - 

Ring vol. m3 1111.74 1217.62 +9.5% 

Total metres drilled m 428.1 391 -9% 

Ring tons t 3279.63 3592.3 +9% 

Drill metres per cu. m. 

of ore 

m/m3 0.39 0.32 -18% 

Broken ore per drill   

metre 

m3/m 2.600 3.114 +19.8% 

Total mass of             

explosives 

kg 1558.2 1423.2 -9% 

Powder factor kg/t 0.48 0.40 -17% 

 

     The average particle size in the studied stopes 

is 480.83 mm. It is also known that in practice, the 

average particle size can be expressed relative to 

the handleable particle size dk by: 
 

                                      (5) 
 

     The fragmentation analysis should include    

another important parameter, i.e. amount of    

oversizes, which is used as relative estimate of 

fragmentation quality. 

     A mathematical relationship that describes the 

amount of oversizes as a function of fragmentation 

quality, charge diameter and powder factor has 

been derived from the great number of studies and 

practical data analyses (Mosinets 1976): 
 

, %                                (6) 

 

     where: dk is the handleable particle size, m;     

dc – is the charge diameter, m; q is the powder  

factor, kg/m3. 

     For a drilling diameter of 89 mm: 
 

     (7) 
 

     Blast-induced rock fragmentation is a complex 

physical process that has been, and is still being, 

studied in a variety of ways. Improving drilling 

and blasting performance at Chelopech requires 

carrying out regular observations, processing     

observation data and deriving dependencies that 

accurately reflect actual conditions. 

 

6 RESULTS ACHIEVED 

 

The change in the drilling and blasting parameters 

has achieved the desired size distribution. The    

results achieved are presented in the comparative 

in Table 2. 
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     The comparison above shows that after the 

changes in the hole pattern, the drilling is down by 

9%, drill metres per cu. m. of ore is down by 18%, 

the broken ore per drilled metre increases by 

19.8%, and the powder factor decreases by 17%. 

 

7 CONCLUSIONS 
 

Inducing more blasting energy than needed     

happens when the strength and toughness of the 

rock decreases. In such cases, the geometrical    

parameters of drilling and blasting, i.e. the burden 

and blasthole toe spacing, are reduced and as a   

result, the blast energy that is induced is greater 

than needed. In practice, the rock strength is       

determined by testing specimen, which are         

destroyed under static loading, while in a         

production environment, the loading is dynamic. 

In addition, the in-situ rock strength is always 

lower than that of a specimen.  

     Analysis of the blasting scheme also shows an 

excess of energy due to the reduced distances     

between diagonal rows and the simultaneous  

blasting of a charge group. Based on these       

considerations, the burden and the spacing at the 

toe of the blastholes have been increased, which 

has improved fragmentation. In economic terms, 

the drilling and blasting costs are also improved. 
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1 INTRODUCTION 

 

Sublevel caving is an underground mining method 

widely used to mine out steeply dipping ore bodies 

surrounded by weaker overlying rock mass. The 

procedure is based on the utilisation of gravity 

flow of the blasted ore and the barren rock    

(Quinteiro et al. 2001). To get a proper gravity 

flow, the fragmentation of the ore plays a key role 

and will also have influence on the loading and 

hauling operations. Excessive coarse material may 

cause gravity flow problems and disturb ore       

extraction (Hartman 1992). 

     Apart from drilling and blasting, fragmentation 

problems are also closely related with charging   

issues. One root cause of charging problems is bad 

rock mass conditions causing borehole                

instabilities, such as failures on the wall and      

collapses in the hole. This may hold back the 

charging at some depth and block the charging 

Application of drill-monitoring for chargeability assessment in 

sublevel caving 
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ABSTRACT: The measurement while drilling (MWD) technique has been used to give solutions to the 

charging procedure in sub-level caving mining operations with the goal of assessing geotechnical issues 

in the holes before charging. A geotechnical rock condition block model has been developed to improve 

the work done by Ghosh et al. (2018). For that, external influences in the MWD parameters are           

minimised and a quantitative assessment and automatic recognition of rock trends is carried out. The 

analysis also assesses blasthole collapses by comparing different geotechnical rock condition situations in 

the blasthole with the charging length of 102 production fan-holes. This results in a model that assigns 

three risk levels of collapse and predicts collapses in the first half of the fan-holes for the high risk,      

collapses in the second half of the fan-hole for the medium risk and no collapses along the hole for the 

non-risk holes. The two models have been applied in full scale for one orebody in the Malmberget mine, 

Sweden, which comprises 10 drifts and 2500 fan shape longholes. 
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process beyond this point. Since re-drilling is time 

consuming and costly and it is not allowed for 

blastholes close to pre-charged rings, collapsed 

holes will sometimes remain uncharged,          

generating coarser fragmentation and boulders that 

may disturb the ore flow. The long time period  

between drilling and charging (sometimes several 

months) and the absence of a detailed borehole 

condition knowledge may lead to unexpected 

charging issues that limits the reaction time for  

adaptation of the charging operation and in the 

planning of the following loading operation. 

     The performance data of a drill rig, through the 

MWD system, is a well establish technique for 

identifying the geotechnical condition of the    

penetrated rock mass and may be used to identify 

charging problems. Drill monitoring system has 

been widely studied for geotechnical rock mass 

recognition for rotary drilling (Scoble et al. 1989, 

Peck 1989, Teale 1965, Liu & Karen 2001, 

Hatherly et al. 2015, Leung & Scheding 2015), 

percussive and rotary-percussive drilling,   

(Schunnesson 1997, Peng et al. 2005, Tang 2006, 

Schunnesson et al. 2011, Schunnesson et al. 2012, 

Kahraman et al. 2016) and Wassara                   

water-hydraulic ITH (in-the-hole) drilling (Ghosh 

et al. 2018). 

     This paper aims at demonstrating the use of 

MWD technique in the Mamberget mine, Sweden, 

in continuation of the work done by Ghosh et al. 

(2018), to classify the geotechnical rock condition 

in five classes (solid rock, fractured rock, cave-in, 

minor cavity and major cavity). From it, two     

applications have been developed: one for         

geotechnical rock condition of orebodies and the 

other for predicting the risk of collapse in       

boreholes. The work of Ghosh et al. (2018) has 

been improved into a rock condition block model 

to simplify the quantitative assessment and         

automatic recognition of the rock trends. From it, 

the risk of borehole collapse model has been     

developed by comparing different situations of the 

geotechnical rock classes with the charging length 

of 102 production fan-holes. The assessment of  

the number of blocked and non-blocked fan-holes 

and the ratio charging length/blasthole length has 

been used to assign high, medium or low risk of 

collapse to each situation. The two models have 

been applied in full scale for one orebody in the 

Malmberget mine, Sweden, which comprises 10 

drifts and 2500 fan shape long-holes.  

 

2 DATA OVERVIEW 
 

2.1 Test site 

The Luossavaara-Kiirunavaara AB’s (LKAB) 

Malmberget underground iron ore mine is located 

close to the municipality of Gällivare, Sweden. 

The mine contains twenty orebodies spread over 

an underground area of about 5 by 2.5 km. Twelve 

of those orebodies are currently being mined. The 

orebodies are mainly composed of magnetite    

with hematite intrusions in some areas, mostly     

in the western field. The host rock is                

composed by andesite rock, skarn, granite and   

biotite schist. 

 

2.2 Drill system 
 

Malmberget mine uses transversal and              

longitudinal sublevel caving mining as the method 

for ore extraction. Six Atlas Copco SIMBA W6C 

drill rig equipped with hydraulic Wassara in the 

hole (ITH) hammer are used for production      

drilling in the mine. The production holes are 

drilled in a fan shaped pattern with holes between 

10 and 50 m in length. Drilling is done using 102 

mm extension tubes with 2.3 m length and 4.5 in 

(115 mm) bits diameter. 

     In this drilling technique, water at high       

pressure (up to 180 bar) is used to power the     

impact mechanism of the hammer. Drilling in 

Malmberget is fully automated and remotely    

controlled i.e., logging of drill parameters and   

positioning of the holes are done automatically. 

Drill parameters monitored while drilling           

are feed pressure (FP, bar), percussive             

pressure (water pressure, PP, bar), rotation      

pressure (RP, bar) and penetration rate (PR, 

m/min). 

     Two sets of MWD data have been gathered for 

the analyses. The geotechnical rock condition 

block model and, from it, the risk of collapse  

model, have been developed with data from 102 

blastholes (11 rings) from five different orebodies. 

The charging operation was followed for these 

blastholes by measuring the maximum depth of the 

charging hose introduced in the blasthole, in       

relation to the respective blasthole length. This  

indicates whether the charging hose was            

obstructed in the blasthole or not and, in case of 

obstruction, the depth at which it occurs. The    

application of the two models in large scale is   

carried out for data from one orebody (orebody 4) 

located at different depths. This comprises 10 

drifts and 2500 fan-holes. 

     Navigation in the Atlas Copco SIMBA W6C 

drill rigs is similar to jumbos for tunnelling      

constructions and it is thoroughly described in  

Navarro et al. (2018)’s work. 
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Figure 1. Filtering to remove variations in the signal: a) Raw signals, b) Filtered signals. 

 

Figure 2. Average variation for penetration rate 

(Av.PR), percussive pressure (Av.PP), feed   

pressure (Av.FP) and rotation pressure (Av.RP) 
with depth; data are measured at every 1 metre 

depth for the 2602 data gathered. HD is hole 

depth. 
 

 

3 DATA ANALYSIS 

 

3.1 MWD data processing 
 

One general problem with MWD data analysis is 

that the logged response is a mixture of the         

response from varying rock mass conditions, from 

the drill rig control system and from the operator’s 

intervention (Schunnesson 1998). All together, 

these add uncertainty to the data that must be  

normalised to highlight changes in the parameters 

depending on the rock properties. This process is 

described next and comprises: (i) filtering of      

unrealistic values, (ii) removing of systematic 

peaks due to the addition of a new rod, and (iii) 

correction of the hole depth influence. 

 
3.1.1   Filtering of unrealistic values 
 

Unrealistic values found in the MWD raw data are 

filtered out according to the criteria stablished by 

Ghosh et al. (2018), based on both frequency and 

practical experience in the Wassara water-

hydraulic ITH technology. 

 
3.1.2 Removing of systematic drops due to the 

addition of a new rod 
 

For longholes, systematic variations are related to 

the parameters response when a new rod is added; 

when the rock 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, the drill rod is pulled back and the new rod 

is added to the end of the last one. The logging 

system starts recording values again when the bit 

overcome the last depth measure. Figure 1a      

represents the raw signal values of MWD           

parameters for a single hole, where it can be seen 

systematic drops at every 2.3 m, matching with the 

addition of a new rod. Such systematic variations, 

that do not reflect any information of the rock 

conditions, are automatically filtered out here in a 

post analysis in Matlab (2017). Figure 1b shows 

the filtered signal from Figure 1a, in which all 

peaks associated to rod changes have been        

removed. 
 

3.1.3   Correction of 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 

large amount of data, the logged response   

(Schunnesson 1998). Figure 2 shows the average 

value of penetration rate (Av.PR), percussive  

pressure (Av.PP), feed pressure (Av.FP) and      

rotation pressure (Av.RP) at every 1 m hole length 

for the four of the four drill rigs together, which 

comprises 2602 fan-holes. From the four graphs, 

feed pressure (Av.FP) shows a well-defined       
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Figure 3. Analysis for an expected problematic ring (Orebody 1, ring 4): a) Classification based on a ranking 
from first principal components interpretation; b) Rock condition block model developed here (see section 

4.1); c) Risk of collapse planning model developed here (see section 4.2). 

 

increase with hole depth (HD). The correction of 

the hole length influence (to obtain a signal FPn) is 

done by: 
 

 

     where i indicates the logs of each blastholes, 

being N the number of these. FPfit is a linear      

regression with hole depth of the average signal at 

every 0.1 m hole length for the entire data. The  

determination coefficient of the fit R2 is 0.92. 

FP1
fit is the intercept of the fit, i.e. the value at 

depth zero. 

 

3.2 Fracturing parameter 
 

Schunnesson (1998) claimed that when             

discontinuities or changes in the geotechnical rock 

condition are found, penetration rate and rotation 

pressure parameters show significant fluctuations, 

resulting in a noisy signal. Ghosh et al. (2018) 

demonstrated for Wassara ITH hammer, 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: 
 

 

     where, MWDvar is variability of the parameter 

considered, N is the window size (for the case   

under study, N = 4), i is the sample number, L is 

the length of the MWD signal, MWDi is the     

monitored parameter at the i sample. 

     The variability of both penetration rate and    

rotation pressure (PRvar and RPvar) at each i sample 

have been combined, with a 50 % influence    

each, in a ‘fracturing’ parameter. Since these      

parameters have different magnitude ranges, they 

are scaled with the standard deviation of the whole 

data set: 
 

  
     where, PRvar,i is penetration rate variability, 

RPvar,i is rotation pressure variability, i is the   

sample number and L is the length of the MWD 

signal. 

(1) 

(2) 

(3) 
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Figure 4. Analysis for an expected good ring (Orebody 3, ring 2): a) Classification based on a ranking from 

first principal components interpretation; b) Rock condition block model developed here (see section 4.1); c) 

Risk of collapse planning model developed here (see section 4.2). 

3.3 Geotechnical model 
 

Ghosh et al. (2018) used Principal Component 

Analysis (PCA) to correlate penetration rate,    

percussive pressure, normalised feed pressure and 

rotation pressure parameters, plus the calculated 

penetration rate variability, rotation pressure     

variability and fracturing index. Based on the     

results from filming a number of test holes, they 

assessed first principal component (PC1) values to 

different rock properties and ranked these values 

into five different rock classes (solid rock,       

fractured rock, potential cave-in, minor cavity and 

major cavity). 

     Figures 3a and 4a represent the geotechnical 

model for two rings with expected bad and good 

rock condition, respectively. The rock              

classification is given in greyscale as can be seen 

from the legend. The black line at the contour of 

the fan-holes represents the measured charging 

length. Charging lengths shorter than the total hole 

length point out a collapse in the hole at the end of 

this line, hence charging problems (see Figure 3a, 

blastholes 3, 4, 5, 8, 9 starting from left). No 

charging length drawn indicates a collapse at the 

collar position, remaining this hole uncharged (see 

Figure 3a, blastholes 6 and 7 starting from left). 

 
4 RESULTS 

 

4.1 Geotechnical rock condition block model 

In the geotechnical model developed by Ghosh et 

al. (2018) it can sometimes be difficult to interpret 

the graphs (Figures 3a and 4a), due to the large 

number of different rock classes that results in 

many small intervals (mix of colours along the 

fan-hole), that complicates the quantitative         

assessment or the automatic recognition of rock 

condition trends and chargeability. To solve this, 

the first principal component results have been  

divided in zones based on abrupt changes of the 

mean value in the signal. The procedure divides 

the signal in a pre-set number of 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. The analysis has been 

programmed in Matlab. 

     For the test fan-holes, the maximum number of 

sections is pre-set to six. Figure 5 shows an       

example of this procedure, for fan-hole 9 from 

drift 3, Orebody 1; the dotted line indicates the 

edges of the sections that match abrupt changes in 

the mean value of the signal and the red dot line 

represents the average of the values within these 

sections. 

     A new set of limits has been defined from the 

average of the first principal component in each 

section for the test fan-holes, to match the five 

rock classes by Ghosh et al. (2018). Figures 3b 
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Figure 5. Division of the 1st PC in six zones based on abrupt changes in the signal. 

 

and 4b show the geotechnical block model        

application to the first principal components       

results from Figures 3a and 4a. 
 

4.2 Large scale application of the block model 
 

The application of the rock condition block model 

analysis on larger mining areas is done following 

the above procedure. The representation of the 

corresponding rings in a 3D plot is carried out by 

considering both collaring and end coordinates of 

the holes in their absolute coordinates (Navarro et 

al. 2018). Figure 6 shows the large-scale           

representation in 3D of the geotechnical block 

model for orebody 4. It represents the parallel 

drifts layout and the rings. The rock classifications 

(solid rock, fractured rock, cave-in rock, minor 

cavity and major cavity) are coloured in greyscale 

as shown in the legend; the drift layout of each 

orebody level is represented in a dashed line. 

     The large-scale geotechnical block model for 

orebody 4 (Figure 6a) includes two levels; the 

lower level comprises nine drifts drilled at 1056 m 

and the upper level encompasses two drifts at  

1031 m level. On the left side of the plot (see grey 

circle), there is an area with a high density of clear 

grey colours that corresponds to a fracture and 

cave-in zone; this belongs to a steeply zone with 

softer or more fractured rock going through the 

two levels, as from internal reports (LKAB 2018). 

Figure 6b shows a zoom-in representation of the 

problematic area represented in Figure 6a (see 

grey circle). 
 

4.3 Risk of borehole collapse planning model 
 

As  explained  in  section  4.1,  the  rock condition 

block model can characterise geotechnical issues 

around the boreholes. Figure 3b shows that     

problems in the measured charging length (black 

line drawn at the contour of the hole) are often 

generated when a big fractured zone is found (see 

fracture zones in fan-holes 6 and 7 starting from 

left) or when a fractured zone follows a cave-in 

zone or vice versa (fan-holes 3 and 8 starting from 

left), even if there is a short solid rock zone        

between them (fan-holes 5 and 9 starting from 

left). Figure 4b demonstrates, on the other hand, 

that when solid rock condition is dominant, no 

charging issues are expected. 

     The prediction model for the probability of risk 

of collapse in the blasthole is carried out for the 

102 tests fan-holes. Fan-holes have been grouped 

based on the existence and length of zones where 

solid rock, fractured rock, cave-in and cavities 

along the hole are defined. In this case, minor and 

major cavities are considered as one class, hence, 

the analysis is done only for four different rock 

classes. The charging length has been used to     

estimate a mean charging length/blasthole length 

(Lc/Lb) ratio and to assess hole chargeability. Two 

different types of classifications have been carried 

out: Table 1 (cases 1 to 4) shows the situation 

when only solid rock or when solid rock plus   

fracture, cave-in or cavity rock classes appear in 

the fan-hole and Table 2 (cases 5 to 8) describes 

the situation when there are more than two rock 

classes. Cells highlighted in the left part indicate 

the rock class and its length interval considered. 

The number of blocked and non-blocked 

blastholes, the mean charging length/blasthole 

length (Lc/Lb) ratio and the estimated risk of    

collapse  are  also  shown  for  each situation.  The  
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Figure 6. Rock condition block model in 3D for orebody 4: a) top-isometric view; b) Zoom in of the rock 

condition block model in 3D for orebody 4: Front view (left), isometric view (right). 

 

latter is assessed from the value of the Lc/Lb ratio 

for each situation considering the amount of 

blocked or non-blocked blastholes. In this way,  

the smaller the Lc/Lb ratio and the higher the 

number of blocked blastholes, the higher the risk 

of collapse for each situation and vice versa. 

     According to Table 1, the existence of a large 

fractured zone (length, L > 15 m) or a large cave-

in zone (L > 2m) are always related with blocked 

blastholes. The mean Lc/Lb ratio in these          

situations is low (0.24 and 0.45, respectively), 

which indicates that there is a high risk that the 

collapse occurs in the first half of the hole. The 

presence of one of these two situations in a hole 

will indicate high risk of collapse. On the other 

hand, only solid rock or the existence of short  

fractured zones (L < 3 m) or cave-in zones (L < 2 

m) normally show no collapse in the blasthole, 

with a mean Lc/Lb ratio above 0.90 with little  

variation between the measures. These situations 

thus predict no risk of collapse in the hole. 

     An intermediate result is found for fractured 

zones between 3 and 15 m. Although the number 

of blocked blastholes for this situation exceed the 

non-blocked holes, there are also many cases 

where the blasthole was not blocked. In this way, a 

medium risk of collapse has been considered, 

which predicts that the 60% of the blastholes in  

the situations given in Table 1 will be collapsed.  

In addition, the Lc/Lb ratio normally shows values 

between 0.7 and 0.9 which indicates that for a  

medium risk, there is high probability that the 
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Table 1. Situation when only solid rock or when solid rock plus either fractured, cave-in or cavity rock classes 

appear in the blasthole. L is length (m). Grids for solid rock, fractured rock, cave-in and cavities are highlighted in 

grey. 
 

Case 
Solid 

rock 

Fractured rock Cave-in Cavity 
No. Blasthole Ratio 

Lc/Lb1 

(mean ± 

std) 

Risk of 

collapse 
L < 3 

3< L 

<15 

L > 

15 
L < 2 L > 2 L < 2 L > 2 Blocked 

Non-

blocked 

1  ✓        0 7 0.98 ± 0.02 No risk 

2 

a ✓   ✓     10 0 0.24 ± 0.27 High 

b ✓  ✓      12 9 0.7 ± 0.4 Medium 

c ✓ ✓       2 23 0.96 ± 0.02 No risk 

3 
a ✓     ✓   2 0 0.45 ± 0.35 High 

b ✓    ✓    0 3 0.95 ± 0.03 No risk 

4 
a ✓       ✓ - - - Medium 

b ✓      ✓  - - - No risk 

 
1Mean value of ratios charging length/ blasthole length for each blasthole. 

 

blasthole collapses in the second half. No situation 

for solid rock and cavity situation has been found 

in the test holes analysed. A medium risk of      

collapse has been considered when there is a large 

cavity zone (L > 2 m) and no risk of collapse for 

small cavities (L < 2 m). This is assumed because 

the existence of a big cavity may increase the    

difficulty of charging the hole, since the hose used 

to charge the hole may get stuck or cannot cross 

the cavity. Notwithstanding, further measures for 

these two situations should be necessary to        

validate the assumption. 

     The risk of collapse for the conditions in Table 

2 has the same rock conditions and rock lengths as 

in Table 1. For cases 6, 7 and 8, the number of  

test holes is limited thus, the risk of collapse       

assumption is assessed based on the results from 

Table 1. Any situation with the existence of a large 

fractured zone (length, L > 15 m) and/or a large 

cave-in zone (L > 2m) is correlated with high risk 

of collapse; since any of these situations separately 

normally block the blasthole, their situation with 

another rock class type will increase this risk of 

collapse. This occurs for cases 5a, 5b, 5c, 5e, 6a, 

6b, 7a, 7b, 8a, 8b, 8c, 8d, 8e, 8f, 8i and 8j. From 

them, only cases 5a, 5b, 5c, 5e, 6b, 7a, 8d, 8e have 

been found in the test holes. These situations show 

a mean Lc/Lb ratio lower than 0.5 and the majority 

of blastholes collapsed. An exception occurs when 

a fractured zone (medium or large) is followed by 

a large cave-in zone (cases 5a, 5b, 5c, 5d, 5e, 5f) 

or when just a large cave-in zone appears. In this 

case, the blasthole is collapsed at the end or    

along the cave-in zone, independently of its        

location. This may be the reason of a higher  

standard deviation in the Lc/Lb ratio. Large      

cavities and/or cave-in zones at the collar or large 

fractured zones along the hole normally collapse 

the blasthole from the collar giving a zero Lc/Lb 

ratio. Situations for cases 6a, 7b, 8a, 8b, 8c, 8f, 8i 

and 8j have not been found in the test fan-holes 

and their risk of collapse classification has been 

assumed based on the results from Table 1. 

     On the other hand, the existence of any         

situation based on short fractured zones (L < 3 m), 

cave-in zones (L < 2 m) and/or cavity (L < 2 m), 

normally show no blasthole blocked, with a mean 

Lc/Lb ratio above 0.90 and little variation between 

the measures. These situations indicate always no 

risk of collapse and comprise cases 5f, 6f, 7d, 8k, 

8l. Medium risk of collapse is assumed for        

situations with fractured zones between 3 and 15 

m, short cave-in zones (L < 2 m) and/or both large 

or short cavities (cases 5d, 6c, 6d, 6e,7c,8g and 

8h). Lc/Lb ratio for these situations are measured 

between 0.7 and 0.9. 

     Examples of the risk of collapse results from 

the rock condition block model are plotted in   

Figures 3c and 4c. In these graphs, the respective 

situation case number from Tables 1 and 2 are 

added to each fan-hole. As can be seen, most of 

the situations studied are related to cases 1, 2 and 

5, i.e., to the existence of solid rock and solid rock 

plus fractured and/or cave-in zones in the 

blastholes. 
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Table 2. Situation when more than two rock classes appear in the fan-hole. L is length (m). Grids for solid rock, 
fractured rock, cave-in and cavities are highlighted in grey. 

 

Case 
Solid 

rock 

Fractured rock Cave-in Cavity No. Blasthole Mean ratio 

Lc/Lb1 
Risk of 

collapse 
L < 

3 

3< L 

<15 

L > 

15 

L < 

2 

L > 

2 

L < 

2 

L > 

2 
Blocked 

Non-

blocked 

5 

a ✓   ✓  ✓   2 0 0.15 ± 0.21 High 

b ✓   ✓ ✓    4 0 0.35 ± 0.4 High 

c ✓  ✓   ✓   6 0 0.65 ± 0.08 High 

d ✓  ✓  ✓    5 4 0.79 ± 0.20 Medium 

e ✓ ✓    ✓   2 0 0.8 ± 0.2 High 

f ✓ ✓   ✓    0 6 0.98 ± 0.02 No risk 

6 

a ✓   ✓    ✓ - - - High 

b ✓   ✓   ✓  1 0 0.52 High 

c ✓  ✓     ✓ - - - Medium 

d ✓  ✓    ✓  - - - Medium 

e ✓ ✓      ✓ - - - Medium 

f ✓ ✓     ✓  - - - No risk 

7 

a ✓     ✓  ✓ 1 0 0 High 

b ✓     ✓ ✓  - - - High 

c ✓    ✓   ✓ - - - Medium 

d ✓    ✓  ✓  0 1 1 No risk 

8 

a ✓   ✓  ✓  ✓ - - - High 

b ✓   ✓  ✓ ✓  - - - High 

c ✓   ✓ ✓   ✓ - - - High 

d ✓   ✓ ✓  ✓  1 0 0.25 High 

e ✓  ✓   ✓  ✓ 1 0 0.1 High 

f ✓  ✓   ✓ ✓  - - - High 

g ✓  ✓  ✓   ✓ 1 0 0.8 Medium 

h ✓  ✓  ✓  ✓  - - - Medium 

i ✓ ✓    ✓  ✓ - - - High 

j ✓ ✓    ✓ ✓  - - - High 

k ✓ ✓   ✓   ✓ - - - No risk 

l ✓ ✓   ✓  ✓  0 1 1 No risk 

 
1Mean value of ratios charging length/ blasthole length for each blasthole. 

 

4.4   Large scale application of the risk of        

        borehole collapse model 
 

In line with the procedure followed in section 4.2, 

the risk of collapse model can also be used for 

evaluation of larger mining areas. Since the model 

indicates the risk of collapse along the whole fan-

hole, it can be represented in a 2D map with the 

collaring coordinates of the horizontal XZ plane 

plotted in the absolute projection.   Figure 7 shows 

 

the full-scale representation of the risk of collapse 

model for orebody 4. The prediction model is   

represented over the mining layout for each level, 

allowing to determine problematic areas at the  

operational level. Figure 7 represents the mining 

layout at level 1056; it also shows two drifts     

represented outside the layout which corresponds, 

as commented above, to data of the upper level at 

1031 m. Figure 7 shows the collar position of the 
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Figure 7. Risk of collapse planning model; orebody 4. 

 

fan holes; the greyscale of each collar position   

indicates their risk prediction of hole collapse. 

Similar to Figure 6, Figure 7 shows a problematic 

zone with high and medium risk of collapse in the 

fan-holes where charging problems are expected 

(see grey circle). This matches internal reports of 

the mine (LKAB, 2018) where this zone has 

stopped production due to the impossibility to 

charge the holes (most of them blocked) and due 

to stability problems in the roof and walls of the 

drifts. 

5   CONCLUSIONS AND DISCUSSION 

 

The development of a geotechnical rock condition 

block model and a predicting risk of blasthole   

collapse model has been carried out, with          

reference to MWD records, aiming at minimising 

problems during the charging of holes. Such   

problems are closely related with non-optimal rock 

fragmentation after blasting. The study has been 

applied to individual blasts and to full scale in  

several orebodies located in the Luossavaara-
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Kiirunavaara AB’s (LKAB) Malmberget           

underground iron ore mine, Sweden. 

     The work of Ghosh et al. (2018) has been    

improved into a geotechnical block model to   

simplify the quantitative assessment and automatic 

recognition of the rock trends. For that, a         

multi-step transformation of the MWD parameters 

has been carried out in order to minimise external 

influences other than the rock mass. This        

comprises: (i) filtering of unrealistic values, (ii) 

removing of systematic peaks due to the addition 

of a new rod, and (iii) correction of the hole depth 

influence. 

     The risk of borehole collapse model has been 

developed by comparing different situations of 

rock classes from the geotechnical block model 

with the charging length of 102 production       

fan-holes. The model considers the existence and 

length of solid rock, fractured rock, cave-in and 

cavities along the hole. The assessment of the 

number of blocked and non-blocked fan-holes and 

the charging length/blasthole length ratio has been 

used to assign high, medium or low risk of        

collapse to each situation. The results indicate   

collapses in the first half of the fan-holes for the 

high risk, collapses in the second half of the      

fan-hole for the medium risk and no collapses 

along the hole for the non-risk holes. 

     The two models have been applied to the full 

scale for one orebody in the Malmberget mine, 

Sweden, which comprises 10 drifts and 2500 fan 

shape long-holes. In them, zones with fractured 

rock, cave-in and cavities have been identified, 

and according to internal reports from LKAB, 

these zones are related with geotechnical problems 

that coincide with the impossibility to charge most 

of the holes. 

     Considering that, presently, the charging     

procedure is carried out with no prior information 

of the rock mass condition, the two models       

presented here provide an early information of the 

rock mass condition around the blastholes and a 

potential prediction of expected charging problems 

before starting the blasting operation. This could 

be used as a decision-making tool in the daily   

routine for production planning and to minimise 

unexpected problems during the charging of the 

fan-holes. These features have the potential of  

improving rock fragmentation, with the final    

purpose of optimising production. 
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1 SHUTTING DOWN THE PROCESS 

 

The stages include: process shut down; ‘running’ 

of material to reduce slag in the furnace; draining 

of the furnace; removal of external pipes and 

structures etc; cooling and cutting of entry into 

furnace. 

      The   manufacturing   process   is   shut   down      

several weeks before the furnace is opened. This 

allows for sufficient cooling time inside the      

furnace. Before this, it is common practice to run 

material through the furnace that reduces slag   

formation in the hope that there would be less slag 

inside it. The furnace is then drained of molten 

material and left to cool down for some weeks 

while other work is being prepared and done. 

Blasting operations in furnaces, smelter ovens and different       

parts of processes at steel works 
 
M. Pihlflyckt 
CEO, 1R Demolition 

 

 

 

 

 

 

 

 

 
ABSTRACT: Several stages must be completed before blasting operations in blast furnaces during    

complete overhauls and partial overhauls are undertaken These include: continuous data collection on the 

situation inside the furnace; safety planning & risk analysis; choosing correct explosive and initiation 

method; training of staff involved in blasting operations; loading procedures; drilling plan (oxygen lance) 

& preparation; eventual surface charge preparation; assessment of the type and consistency of material 

being blasted (salamander); backup methods, equipment and plans. The scheduling of these at steel works 

is critical. Overhaul of furnaces, smelter ovens etc. is a major undertaking often employing hundreds or 

thousands of people during the project. Proper planning, materials and methods are critical to the         

successful completion of blasting operations on schedule. After many years of processing iron often     

accumulates at the bottom of the furnace. This is called a salamander. This must be removed before  

overhaul of the refractory lining, grinding of the bottom of the furnace can be performed. This is the most 

common target for blasting operations since the salamander often weighs several hundred tons or more, 

depending on the size of the furnace. Sometimes, there’s also a need to blast off blocks of slag material 

form the inner walls of the furnace. There are a number of things to take into account: residual heat; local 

temperature variances in the salamander; properties of explosive and initiation method regarding heat; 

cooling of holes to be loaded; continuous measuring of heat dissipation and cooling effect; insulating 

charges against heat ranging from 50 C to hundreds of degrees or more; safety first. Blasting operations 

are also common in ferrochrome furnaces, copper smelter furnace, mixers at steel works and ‘panic hole’ 

(where excess iron is unloaded if it won’t fit in the process) just to name a few other situations where the 

above mentioned are necessary. 
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Figure 1. Entry way is cut into the side of the furnace. 

 

     When sufficient cooling has taken place,     

dismantling of structures outside the furnace is 

done. The furnace is 40 m or higher so it is a big 

job. When these are removed and cooling is       

sufficient, an entry way is cut into the side of the 

furnace. This needs to be done regularly to replace 

the refractory lining inside the furnace. If this is 

not done, the refractory lining will wear out and 
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Figure 2. Coal blocks are removed revealing the edge of the salamander, clearly visible. 
 

the furnace will burst – which is one of the worst 

things to happen at steel works resulting in        

unexpected halting of production. 

 

2 REMOVAL OF SOFT MATERIAL AND 

REFRACTORY LINING 
 

The stages include; inspection of refractory lining; 

removal of the top layer of coal blocks by      

hammering them around the Salamander; using 

excavator and hammer to break and remove softer 

material on top of the Salamander; exposing the 

edges of the Salamander. 

     After the entry way is cut into the side of the 

furnace, inspecting the inside can begin. First, it is 

important to inspect the inner sides of the furnace 

to ensure no loose slag blocks are at immediate 

risk of falling down. At this point it will not be 

possible to see if there is actually an accumulation 

of iron at the bottom, due to a layer of softer     

material covering it. The refractory lining is       

inspected at the edges of the furnace bottom. At 

this point excavators will enter the furnace and 

start hammering at the refractory lining consisting 

of coal blocks and tiles around the inner edge of 

the furnace. The centre part is also hammered to 

loosen any softer material on top of the possible 

salamander (or iron lens). Only after these works 

are done is it possible to judge if there actually is a 

salamander present in the furnace. There usually is 

and thus blasting operations must be undertaken. 

 

3 SAFETY PLANNING & RISK ANALYSIS 
 

This stage involves a risk assessment by the steel 

works of its process; contractors performing a 

blasting risk analysis; head contractor risk       

analysis; safety plan for blasting operations;   

thorough examination of risks involved in      

blasting; very complex structure; evacuation & 

isolating exclusion zone; protective elements for 

blasting. 

     Steel works always have their own risk analysis 

& assessment methods, often standardised today. 

These are completed for every work phase on the 

furnace. The director of blasting commonly does 

this in concert with the steel works safety           

organisation. The blasting contractor is often     re-

quired to produce a separate risk analysis of the 

blasting operations. This requires extensive       
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Figure 3. Excavator inside the furnace. 

 

familiarising of the structures and conditions 

around the furnace. The head contractor for the 

furnace overhaul also makes their own risk      

analysis of different work phases. 

     The blasting contractor completes a safety plan 

for blasting operations. There are many things to 

consider that might not be factors in other types of 

blasting operations. The furnace is an almost 

closed off, separate space. Blasting inside it will 

create pressure inside that will need to be released 

in a controlled manner. This can be done by     

leaving ‘vents’ on top of the furnace and other 

places. It is also prudent to take into account what 

kind of gasses the explosive used will create and 

assess their dissipation inside the furnace so that 

personnel exposure to them will be kept to a    

minimum. 

     Flying debris is also something to take into   

account. Inside the furnace, depending on the type 

of furnace of course, are copper cooling elements 

that are not usually replaced if not absolutely   

necessary. They are on the same level as the       

refractory lining earlier removed and thus, on the 

same level as blasting will be done. They need to 

be protected against flying blocks resulting from 

blasting. 

     It is also wise to depressurise any and all gas 

lines leading to and from the furnace. 

 

4 CORRECT MATERIALS 

 

The selection will include: heat resistant materials; 

heat resistant protective gear; protection for       

oxygen lancers; heat resistant explosives. 

     It should be noted that while heat is to be 

avoided in furnaces, it might not always be      

possible. Solutions must exist to complete the 

work regardless. It is crucial to know how the   

explosives used react in different temperatures. 

Steel works always have an abundance of heat    

resistant material available for insulating charges 

against a wide range of temperatures. Always test 

first how well the material used will insulate and 

more importantly, for how long. This helps in     

establishing a safe timetable for loading. 

     Heat resistant protective gear is usually always 

required to a certain EN standard. For oxygen  

lancers much heavier protection is required since 
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Figure 4. A lanced hole after lancing is finished. 

 

lancers must stand next to the hole they are      

lancing. This means they are continuously     

showered with molten iron and steel from the   

salamander and oxygen lance. 

 

5 ASSESSMENT OF THE MATERIAL 

BEING BLASTED 
 

Items to quantify include: mass of the salamander; 

thickness; weight per m3; different layers;        

temperature; local temperature; variances in the 

salamander; overall shape of Salamander; pure 

iron or mixed. 

     Assessing the weight of the salamander per m3 

gives a good idea about what it is comprised of. It 

is known what has been put into the furnace. Eight 

tons per m3 is almost pure iron. It can also be as 

low as 3-4 tons per m3. Pure iron is the preferable 

option for blasting operations. This because    

lancing is easier in iron than mixed slag / iron 

combinations. One downside to pure iron is that it 

reserves much more heat than more porous       

material. If pure iron is the case and correct      

drilling pattern and charge size is established, it is 

a question of repeating. 

     Thickness of the salamander is also an          

important factor to consider. It will always be lens 

shaped so the centre will be thicker than the edges. 

Having accurate information about the thickness 

and shape of the salamander right is critical for 

successful blasting operations. 

     Temperature of the salamander should be 

measured at several different points across its   

surface to determine overall temperature and local 

temperature variances in the salamander and   

document them. 

 

6 DRILLING 
 

Drilling involves: oxygen lance; 4 m lances    

(minimum); high skills; drilling patterns; timetable 

for drilling; sufficient oxygen flow and pressure; 

lancers must be able to recognise and report layers 

in the salamander. 

     Drilling is done with oxygen lances. This 

means that a steel pipe is connected to an oxygen 

source and oxygen is passed through the pipe at 

high pressure and flow. The end of the pipe is 

heated with a torch to get a reaction started at the 

end of the pipe. The steel will then ‘burn’ on its 
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Figure 5. Cooling each hole with running water. 
 

own and create heat. This will enable drilling into 

iron. 

     Since oxygen is passed through at high       

pressure, the molten iron and steel will spray    

upwards and in other directions whilst using the 

oxygen lance to make holes in the salamander. 

This is why 4 m lances are required. The lance 

must be folded to at least a 90 degree angle in the 

middle to enable the lancer to stand as far away 

from the spray of molten metals as possible. In 

general, one 4 m lance yields a centimetre or two 

of hole depth in the salamander. 

     Drilling patterns need to be decided before 

lancing starts. One way is to make holes for 2-4 

shots at once, another is to lance the whole        

salamander and with a pattern. If the latter          

alternative is chosen, lancing will usually take 

several days going on 24/7. Otherwise it’s best to 

lance during the day and blast at night. 

      It is important to make sure sufficient oxygen 

pressure and flow is readily available for lancing. 

Lancers should be experienced in the job.         

Experienced lancers can report different layers in 

the salamander they might notice during lancing. 

 

7 HEAT MANAGEMENT 

 

Things to consider include: cooling of the         

Salamander after entering the furnace; cooling    

after drilling; insulation of charges; insulation of 

other materials (detcord etc); continuous        

measuring of heat in drill holes; continuous   

measuring of temperature rise after cooling; heat 

accumulation from loading time to firing; critical 

to know exact properties of the explosive and   

materials used; 6-10 hours cooling after drilling. 

     Cooling the salamander is best done with    

running water. After drilling, water should be 

pumped into each lanced hole continuously for 

several hours and temperature measured regularly. 

Temperature should also be measured after     

cooling is halted to see how quickly temperatures 

will rise again. This produces a time frame from 

start of loading to firing. Always use safety     

margins for this time frame. 

     Heat can also be managed from getting into 

contact with charges by insulating the charges. 

This is not a preferred way in this situation since 

insulating   the   charge  heavily  will  diminish  its 
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Figure 6. Inspecting results inside the furnace, author Martin Pihlflyckt on the left. 

 

effect on the material being blasted significantly. 

Sometimes it is necessary if large temperature   

variances exist in the salamander that cannot be 

cooled down in the time frame of blasting          

operations. Safety first always, naturally. 

     Cooling times vary quite a bit. A good rule of 

thumb is to allow for 6-10 hours of cooling time 

after lancing holes. 

 

8 LOADING & BLASTING 
 

As with all stages, great care is required:         

preparation of charges for faster loading; choosing 

correct charge; iron either breaks or it doesn’t; 

measure temperature rise in lanced holes; load 

‘quickly’; exclusion zone empty before loading; 

backup initiation method; readiness to correct 

problems quickly; installing protective elements 

inside the furnace; installing protective elements 

outside the furnace; installing protective elements 

on top of the furnace; inspecting results. 

     Charges should be prepared in advance to     

ensure fast loading. Correct charge can be difficult 

to determine immediately. It is sensible to start at 

the low end and go up from there since the first 

shots usually have to be done in the direction of 

the opening cut into the side of the furnace. Before 

loading, always measure temperature in the holes. 

If for some reason the temperature is just too high, 

it is better to leave that hole unloaded. It is also 

best to have the exclusion zone empty before 

commencing loading work. Backup methods for 

initiation should be at hand in case of equipment 

failure. 

     Before loading & blasting is started, a few 

things should be done to the furnace’s structure. 

Protective elements, usually steel plates, should be 

installed to protect the earlier mentioned copper 

cooling elements inside the furnace. All larger 

holes leading out of the furnace should be         

protected and covered as well. On top the furnace 

a ‘lid’ is installed with plenty of room for pressure 

to escape. All openings should be covered with 

webbing or similar to prevent flying debris exiting 

the furnace. 

 

9 REVISING LOADING PLAN 

ACCORDING TO RESULTS 
 

It is important to keep several things under       
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Figure 7. Photo from inside a smelter furnace. 

 

continuous review, including: the first shot often 

doesn’t lead to good results; revise loading plan & 

charge; when the first piece is successfully blasted 

from the salamander, inspect layers; continuous 

revision and updating of charge size according to 

results; helps to keep schedule; reduces risk;      

increases accuracy and quality; possibility to      

revise drilling patterns. 

     After shot, results should be inspected and    

revisions made to plans according to results. After 

a successful shot the layers of the salamander are 

also usually visible, if any. Revising the charge 

size and drilling patterns can help the work        

extensively. Establishing the correct drilling     

pattern, the consistency of the salamander and  

correct charge size makes for safer, better and  

faster work. 

 

10 SMELTER OVENS 
 

These vary and raise different issues and include: 

copper or nickel; nickel usually doesn’t require 

blasting; copper is more challenging then iron 

(soft); completely different surrounding structures; 

different risks; different drilling patterns; different 

loading. 

     Copper smelters are very different from       

furnaces. The structure is different, surroundings 

are different and the material being blasted is    

different. Copper is much softer than iron and    

requires completely different drilling patterns, 

drilling technique and charges than iron. Oxygen 

lances are still the best way but copper doesn’t  

behave like iron when drilled with an oxygen 

lance. 

 

11 MIXERS 
 

Mixers are another part of the process at steel 

works. They also accumulate iron on the bottom. 

They are much smaller than a furnace and produce 

a smaller salamander. 

     Mixers are cylindrical shaped holders. Around 

6 m in diameter and 10 m wide with just some 

small hatches. While there is accumulation of iron 

on the bottom that needs to be removed regularly, 

especially when the refractory lining needs         

replacing, the quantity is often much less          
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than in a furnace. 

 

12 CONCLUSIONS 
 

These kinds of blasting operations are rare even at 

steel works. Overhauls and partial overhauls are 

performed at 8-15 year intervals. High skill and 

knowledge of steel works is required to properly 

and safely execute blasting operations at steel 

works and smelter furnaces. 

     At steel works, the schedule is critical and  

penalties are severe for not keeping to the schedule 

for different works. It is the most expensive and 

large undertaking a steel works does regularly. 

Taking this into account, all participants must be 

experienced and knowledgeable about the        

conditions, schedule, different work phases etc. 

around these operations. 

     Heat is one of the main risks to think about. 

Explosives are sensitive to different operating 

temperatures. Heating up of the explosive is to be 

avoided in all situations but preparing for such an 

event is also prudent safety planning. It is also 

worth noting that even though blasting operations 

might not always be necessary, it is critical to  

prepare to perform them immediately if the need 

arises. Waiting is very costly for steel works. 

     The most important aspects are safety and 

schedule. Backup methods and personnel must be 

available at all times to ensure work will not stop. 

Blasting operations are quite challenging in these 

conditions and must be performed by experienced 

contractors and personnel. There are many aspects 

to blasting work in furnaces and smelter ovens that 

differ completely from regular rock blasting. Skills 

are hard to acquire since these types of              

undertakings are few and far between at steel 

works. 

     Prudent planning and preparation makes for 

safe and good blasting operations in these        

conditions and situations. 
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1 INTRODUCTION 

 

1.1 Historic litigation 

 

The water source for this hydro-electric project has 

been fought over in Federal court multiple times 

since 1902, with the landmark 1907 decision      

affirming the Supreme Court’s authority to settle 

disputes between the states. A 1943 decision set  

up the framework for cooperation, the Arkansas 

River Compact, with further issues resolved in 

1985 and with the latest litigation of record being 

2009. There are varying pronunciations of the   

river, ar Kan sas upriver and Ar kan saw        

downriver, with the upriver pronunciation illegal 

to use in the state of Arkansas. 

     The reason for the litigation in short is, there is 

not enough consistent annual flow in the river to 

support irrigation demands, domestic demands and 

transportation demands (river traffic of tugs and 

barges on the lower reaches). The court decided in 

1907 that Colorado had to share the water with 

Kansas, and the other downstream states of       

Oklahoma and Arkansas (Wikipedia 1). 

     Courts established a formula in the 1943       

decision has resulted in the US Congress passing 

Complex hydro-electric powerhouse foundation made               

more difficult 
 
J. Wallace 
Wallace Technical Blasting, Inc 

 

 

 

 

 

 

 

 

 
ABSTRACT: ‘Whisky is for drinking; water is for fighting over.’ This quote is often attributed to famous 

US author Mark Twain, of 19th and early 20th century. It reflects his experience in the American West in 

the 1860s and 1870s during the large gold and silver mining booms. The water source for this               

hydro-electric project has been fought over in Federal court multiple times since 1902, with the landmark 

1907 decision affirming the Supreme Court’s authority to settle disputes between the states. A 1943      

decision set up the framework for cooperation, the Arkansas River Compact, with further issues resolved 

in 1985 and with the latest litigation of record being 2009. This paper details the complex blasting        

operation for the construction project for the Southeastern Colorado Water Conservancy District (owner). 

In April 2019 the project was given the name and dedicated as the ‘James W. Broderick Hydroelectric 

Power Facility’. This 7.5-megawatt facility is the first new power facility to be constructed on the        

Fryingpan-Arkansas Project since 1981. 
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Figure 1. Pueblo Dam, Arkansas River, 10 kilometres upriver of Pueblo, Colorado. 

 

legislation in 1962, the framework for the         

Fryingpan-Arkansas Project. (Southeaster        

Colorado Water Conservancy District 1). 
 

1.2 Dam construction 
 

The combination of the Arkansas River Compact 

and the Fryingpan-Arkansas Project led to a    

network of dams and tunnels being built to     

transfer water from the western slope of the      

Continental Divide into the Arkansas River. The 

Arkansas drains to the east and at 2364 kilometres 

is the second longest tributary of the Mississippi 

River. 

     Multiple dams were also constructed on the 

Colorado (state) section of the Arkansas River 

from 1964 through 1990. Pueblo Dam, our project 

site, was constructed beginning in 1970,         

completed in 1975 and modified 1998-2000 as a 

storage dam with flood control capability (Bureau 

of Reclamation 1). 

 

1.3 More arguing 
 

Due to Colorado having ‘prior appropriation’ in 

their state constitution, basically a first-come, first-

served concept, some of those later ‘junior’       

appropriation rights for irrigation were taken away 

under the Federal settlement for use downstream. 

Some junior rights holders ‘lost’ irrigation water 

which basically went to float the boats of       

commerce 1,500 kilometres downstream. 

     The juniors who had lost their irrigation water 

realised that they could recoup some of their lost 

value by producing electric power. They argued 

that it would not affect boats or river navigation 

1,500 kilometres downriver by running the water 

through turbines located within a few hundred  

meters of Pueblo Dam. 

     This argument pointed out that those who had 

lost water and profitable crops would receive some 

compensation in the form of electricity sales, for 

which there was a demand, and that those with 

boats would still have the water to use. After    

several years this argument was considered won, 

and the decision to construct the powerplant went 

forward. 

 
2 CURRENT PROJECT 

 

Our project was constructed for the Southeastern 

Colorado Water Conservancy District (owner). In 

April 2019 the project was given the name and 
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Figure 2. Map location of Pueblo Dam, Arkansas River, 10 kilometres upstream of Pueblo, Colorado. 
 

dedicated as the ‘James W. Broderick                

Hydroelectric Power Facility’. This 7.5-megawatt 

facility is the first new power facility to be       

constructed on the Fryingpan-Arkansas Project 

since 1981 (Southeastern Colorado Water       

Conservancy District 2). 

 

2.1 Complex contract-oversight 
 

The project was made challenging because the 

owner of our project (the water conservancy      

district) did not have oversight or review of the 

blasting. Blasting oversight fell to a 3rd party, the 

Bureau of Reclamation (BOR) as the dam          

operator. Blasting oversight would be by BOR’s 

dam safety personnel. 

     BOR’s specified blast plan review process     

included standard specifications and time            

allowances for review. When added up, the time 

allowed in the specifications for BOR’s review of 

the shot plans exceeded the length of time the  

contractor was allowed to perform all the in-water 

work. This time limit was non-negotiable since 

construction behind a cofferdam in the stream bed 

could only take place during periods of greatly   

reduced stream flows. Obviously, reduced blast 

plan review times would be critical. 

 

2.2 Variable flows 
 

One issue of importance to the powerhouse       

developer was the variable flow rates over the 

course of the year necessary for meeting the    

Federal formulas for demands downriver. The 

available flow was small, from as little as 1 cubic 

meter per second (35 cfs) to a maximum of 23   

cubic meters per second (810 cfs). 

     To make the most efficient use of the available 

variable flows, the powerhouse was designed with 

three different-sized turbines. Turbine generation 

efficiency would be maximised by operating from 

one    to    three    turbines    in   any   combination             
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Figure 3. Foundation showing elevation changes for one turbine. 

 

depending upon available river flow rate. 

 

2.3 Complex foundations 
 

Accommodating three turbines resulted in a very 

complex foundation. Each turbine required five  

elevation changes, plus differing penstock and   

tailrace runs, for a total of about 20 elevation 

changes within the powerhouse foundation. The 

dimensions of the powerhouse were about 25    

metres by 35 metres, with cut depths to 10-12   

meters. 

 

2.4 Geology 
 

The geology consisted of a variety of sedimentary 

rocks. The primary formation being sandstone, 

rated ‘soft’ by rock hardness ratings. This laid at a 

bedding slope angle of 7 degrees, trending upward 

from the downstream, southeastern corner of the 

foundation towards the north-northwest. A thin 

layer of lignite existed at about mid-elevation,   

below water elevation, within the tailraces,    

foundation and penstocks. This wet lignite layer 

exhibited    a   near-zero   coefficient   of   friction. 

This issue would prove to be problematic. 

     During pre-construction planning meetings the 

BOR representative expressed concern about the 

lignite. His concern was about the effect the       

lignite layer might have on the stability of the    

aesthetically designed ‘bullnoses’. That               

information exchange at the start of the project   

allowed us to consider value engineering changes 

for safety reasons. Those changes were agreed to 

and successfully resolved the safety issue. 

 

2.5 Mechanical excavation versus drill-blast 
 

The construction contractor wished to minimise 

the amount of concrete poured by having the 

foundation excavated to as exact dimensions as 

possible, to create a poured-to-solid foundation. 

Initially, mechanical excavation was considered. 

This approach seemed appropriate given the ‘soft’ 

nature of the sedimentary rock. Successful use of a 

trenching saw to install of a 2.4 metres diameter 

pipeline as a combined domestic water source and 

with bi-furcation joints for our use suggested that 

mechanical excavation might be feasible. 

       The    mechanical    excavation    option    was 
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Figure 4. Plan view of foundation showing penstocks, left and bullnoses between tailraces, right. 

 

ultimately dismissed for two reasons. First, the 

rock produced from the excavation was to be used 

for cofferdam construction access in swiftly     

running water. Mechanical grindings would have 

been too small for this purpose, requiring the   

costly import of construction material. Secondly, 

50% of the elevation of powerhouse elevation was 

below the water table except for the short in-water 

work window that would start following           

cofferdam installation. Mechanical excavation to 

exacting dimensions and elevations beneath water 

elevation was impractical. 

     The option to drill-blast was considered and 

that brought WTB (Wallace Technical Blasting) 

into the project. WTB had worked successfully 

with the powerhouse contractor, MSH (Mountain 

States Hydro), on two previous similar power-

house projects, and coincidentally those two     

projects had also been at dams controlled by the 

US Bureau of Reclamation. 

     WTB’s evaluation was that larger rock      

fragmentation could be produced in the stemming 

zone, producing suitable material for access      

cofferdam construction. Additionally, the entire 

foundation could be drilled to grade from the    

surface despite the water elevation issue. Very  

importantly, the drill-blast option would allow the 

in-water portion of the work to be completed   

within the short time window available. 

 

2.6 Drill pattern calculations and careful layout 

 

The limited clearing and grubbing necessary was 

conducted and survey points established so that 

WTB could accurately lay out all the drilling prior 

to the drill arriving at the site. Each hole was 

marked with top elevation, cut depth to grade and 

marked with a colour-coded wire-stake flag      

(fluorescent orange for trim holes and lime yellow 

for production holes). 

     Due to the many variations in design elevations 

a drill pattern for production holes was selected 

based upon a critical criterion. The maximum     

instantaneous charge weight allowed by our       

regression formula for distance from the installed 

pipeline and utility vault had to be adequate to 

break the toe at grade. 

     Given this requirement we selected the wall 

and interior trim hole pattern spacing to be 50% of 

the production burden. The multiple elevation 
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Figure 5. Drill hole layout with colour-code flags (photo courtesy of Toby Wallace). 

 

changes meant that a row of trim holes was       

frequently drilled within the production pattern. 

Only the bottoms of interior trim row holes had to 

be loaded, up to the elevation change. When fired, 

this delineated a short wall while the production 

hole behind it would break the mass. 

     The square production pattern of 1.5 meters 

was consistent throughout the foundation        

footprint. The trim row began at 0.75 metre but 

was reduced to 0.35 metre for the penstock wall 

nearest the in-place pipeline. The production holes 

in the penstock were also reduced. Never the less, 

three individual-delay charges were fired per hole 

to comply with BOR’s restrictive vibration limits. 

 

2.7 Aesthetic design versus reality 

 

Aesthetic considerations resulted in a design       

allowing the outfall from the three tailraces to be 

discharged around two bullnoses of natural rock 

extending up to the top natural elevation. 

     Similarly, the three penstocks were also        

designed to have full-elevation rock between them. 

In both cases the geology, due to the lignite layer, 

was not cooperative with the intent. Adjustments 

were necessary for safety reasons at both            

locations. 

 

2.8 Abbreviated in-water work window 

 

The project schedule required continuing release 

of water for downstream use until an allowable 

cut-off date in October. This meant that the    

blasting, cofferdam construction, excavation and 

construction of the powerhouse foundation was 

limited to winter, and prior to spring snowmelt 

runoff. This very short time window would require 

efficient use of time. 

     Additional concerns included winter storms, 

especially if those storms were rain rather than 

snow. Any early Rocky Mountain snowmelt would 

also impact the schedule. 

     To make the most efficient use of time the  

drilling was started ahead of the in-water work 

window. Blasting was scheduled to start as soon as 

the dam operator was allowed to close the spill 

gates. During our in-water window work water 

was stored in the reservoir. 

 

2.9 Highly restrictive vibration limits 

 

Vibration limits placed on the blasting by BOR 

were exceptionally restrictive for the type and 

quality of nearby construction. 

     BOR limited the vibration level at the nearby 

newly constructed 2.4metre diameter steel water 

line to 80% of the industry recommendation. The 

industry recommendation is 20% of the threshold 

for damage (USBM RI-9523). This restrictive  

limit had a serious effect on the drill pattern.     

Vibration limits at other specified locations        

including the dam itself were also                      

very restrictive, however these had little effect on 

our work. 

 

2.10    Electronic detonators and cartridge            

           explosives chosen 
 

In order to meet these restrictive limits, for safety 

purposes,  and  to  ensure  the  ability  to  test blast  
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Figure 6. Lignite layer showing just above water elevation, trending SE to NW, the direction of the view 
(photo courtesy of Jim Isbell). 

 

Figure 7. Cofferdam foundation work underway, in early winter (photo by author). 
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Figure 8. Sketch showing conceptual approach, with X in the ‘bullnoses’, later reduced by blasting. 

 

circuitry prior to firing the blast, electronic        

detonators with their obvious advantages were 

used for nearly all the blasting. 

     We did change to non-electric detonators when 

firing the final trim row of closely-spaced holes in 

the penstock run paralleling the in-place pipeline 
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where precompression or damage to the electronic 

detonators was likely. 

     The trim holes were fired with continuous 

string ‘trim’ explosives while cartridge emulsion 

was used in the production blast holes. All were 

primed with cast boosters. Quantity control was 

paramount, as was reliability of the product. 

 

3 COMPLICATIONS 
 

The project had been long in the planning. Further 

administrative delays caused the project to miss 

the in-water window for an additional year. Once 

we received the go-ahead after all the delays,   

mobilisation and work had to be expedited as 

much as possible. This mobilisation required      

assembling the crew from points around the world. 

I ordered the drill delivered, met the crew at the 

site and laid out the drill holes and commenced 

drilling. 

     The driller encountered the lignite layer, which 

we had been forewarned to anticipate by the BOR 

representative, and which we tracked on the drill 

log. About halfway through drilling the 900 holes 

required in the small site an administrative        

paperwork glitch well above our pay-grade        

occurred. The job was shut down for a day, which 

extended into another day, then another, and on to 

a week. 

     After a week of daily delay and no work, the 

driller flew out to work on a different project. 

What should have been easily resolved in a day 

ended up costing us two weeks of critical drill 

time. Contrary to our plan, blasting now would 

have to begin prior to the entire project being 

drilled out. Given the small footprint, the          

regulatory safety offset between drilling and 

blasthole loading became a complicating issue. 

     A second issue that had to be dealt with         

involved explosives delivery and driver standby. 

The BOR would not allow temporary storage on 

the property even though the site was large enough 

to meet the ATF Table of Distances. 

     We were left with counting on the commercial 

supplier to make daily delivery, then standby for 

return. The Department of Transportation (DOT) 

Hours of Service restrictions on driver-hours made 

this hugely complicated, given that the nearest 

commercial supplier was a three-hour drive away 

even under the best of Denver traffic conditions. 

     That three-hours each way travel limited us to a 

maximum of five-hours on-site time in order to  

accommodate the driver’s time limit. In short, we 

lost the ability to fire blasts daily since the driver 

would use up all his available hours for the week 

within a few days. Given the geology, site        

conditions and need to excavate for a free face,  

firing small blasts was the only way to accomplish 

the work. 

 

3.1 Time is of the essence, or not… 
 

As noted earlier, BOR standard specifications, if 

followed to the letter, allowed them more time to 

review the blasting plan and daily shot plans than 

the entire length of time available for the project to 

be drilled, blasted, excavated, cofferdam          

constructed and construction completed to above 

waterline before the coming spring snowmelt   

runoff. 

     MSH, WTB and BOR discussed the issue at 

our earliest meeting, stressing the importance of 

timely review of shot plans since to perform the 

work properly would take multiple small blasts, 

hopefully on a daily basis, depending upon the 

availability of explosives delivery. 

     Fortunately, the BOR representative reviewing 

our plans was experienced in handling blasting 

projects, had worked with us on a previous project 

and understood the necessity for the economy of 

review time. He did an exceptional job at getting 

responses back to us in a timely manner. 

 

3.2 Restart, glitches and accomplishment 
 

Once over the hurdle of the two lost weeks of drill 

time, the week lost to the shutdown plus the week 

the driller then worked at his other project, we 

were able to be efficient in our work. MSH began 

excavating and moving the shot material into the 

riverbed as soon as our in-water work was allowed 

for access for building the cofferdam. 

     We fired blasts every day that explosives       

delivery was available. During loading operations, 

the drill worked at the measured safe distance,  

beyond 15 metre from where holes were being 

loaded. After firing the blast for the day, the drill 

was then allowed to drill the holes that had been 

within the prohibited 15 metre distance. 

     One of our blasts exceeded the very restrictive 

BOR vibration limits at the nearest point, the valve 

house. Although the limit we reached exceeded the 

specifications it was still well below industry and 

science-based recommendations for industrial  

construction. The limit in the specifications was 

closer to those usually adopted to protect the most 

fragile of residential construction. 

     Once past that one incident we never again   

exceeded the restrictive vibration limit, even when 

blasting within 2.4 metre of the pipeline.       

Moreover, during the majority of the blasting the 

vibration  limits  were  so  low that the majority of 
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Figure 9. 3 turbines installed during construction, largest in foreground, smallest in background 

(Photo courtesy of Southeastern Colorado Water Conservancy District). 

 

the other required seismographs at the more      

distant locations were not triggered. This did lead 

to BOR questioning whether those seismographs 

were working. We were able to show from our   

regression curve that the predicted limit at that  

distance was below the trigger threshold on those 

seismographs. 

 

3.3 Lignite layer issues 

 

The lignite layer did prove problematic            

immediately, with large blocks moving on the 

near-zero friction layer making for safety concerns 

for both workers and for the future powerhouse. 

BOR and MSH agreed to WTB value-engineering 

field recommendations. WTB blasted the     

bullnoses between the outfall tailraces and         

between the penstock runs down to the lignite    

elevation. The additional material produced was 

used for cofferdam access. 

 

4 CONCLUSIONS 

 

We managed to make 14 shots over three weeks to 

meet the schedule. 

     This project was inherently complicated.    

Multiple layers of involved parties led to job   

challenges. These included the BOR restrictions 

on vibration and storage of explosives, DOT limits 

on transportation hours, and Federal court rules on 

water flow. 

     The project required technical flexibility and 

efficient use of time due to the 3-turbine design, 

with over 20 elevation changes within the small 

powerhouse complex and the need to minimise  

excess concrete as a cost saving measure. 

     The lignite layer proved to be the problem that 

it had been forecast to be by the BOR                

representative, and was quickly and safely dealt 

with by coordination of efforts between WTB, 

MSH and BOR. 

     Success required a good working relationship 

between WTB and MSH, and diplomacy between 

us and BOR. Fortunately, the presence of the local 

BOR employee who understood blasting science 

helped keep the project on track. 
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ABSTRACT: CSIR-CIMFR contributed to all the major underground metro construction projects in India 

for station box excavations by providing environmentally friendly rock blasting techniques. Underground 

metro station construction by blasting is likely to generate environmental effects like ground vibrations, 

air overpressure, flyrock and dust pollution. Therefore, controlled blasting measures to contain the    

blasting side effects play a vital role in execution of metro rail constructions in urban areas. As part of 

construction of underground stations, box excavation was carried out for two major metro rail projects 

namely, Bangalore Metro Rail Project (BMRP) and Mumbai Metro Rail Project (MMRP). CIMFR played 

a vital role in providing a blasting design for controlling side effects as well as for increase of blasting 

productivity. The conventional rock blasting has got the disadvantageous side effects of flyrock ejection, 

ground vibrations, airblast and dust generation, which obviously creates annoyance to the local           

population. Meeting the production targets at the same time as keeping the side effects under threshold 

limits became a challenging task of all metro projects. CIMFR controlled blasting methodology overcome 

all the local resistance by adopting habitat friendly blasting techniques which ensured total control of all 

the environmental problems due to blasting. Apart from the practice of controlled blasting methods such 

as line drilling, bottom hole initiation, pre-splitting and smooth blasting, three more innovative blasting 

techniques were adopted at both BMRP and MMRP, which included bottom hole decking technique,     

effective delay scattering technique and bottom hole shock relief technique. The ‘bottom hole decking 

technique’ consists of air decking at the bottom of the hole in dry holes by means of a wooden spacer or a 

PVC pipe for improving fragmentation, reducing specific charge, ground vibrations and                     

overbreak/damage in opencut blasting. This reduced peak particle velocity by 40% and overbreak/damage 

reduction by 35% and proved that bottom hole air decking is an effective technique for improving     

blasting productivity as well as safety. Another technique used was ‘effective scattering delay sequence 

method’ involving the delay firing of blast holes in such a way that the destructive interference of         

vibrations takes place and results in reducing the vibration intensity i.e. peak particle velocity, which is 

essential in urban blasting near sensitive structures. This delay sequence scattering method’ resulted in 

further reduction of 20-25% of peak particle velocity. One more innovative method practiced was ‘bottom 

hole shock relief technique’, which consists of inserting reinforced concrete balls at the bottom of blast 

holes for re-orienting the shock energy to the desired directions. This shock energy relief blasting       

technique greatly reduced the blast vibration intensity by 50% and overbreak/damage by 40%. All the 

above three new controlled blasting techniques are very simple and easy to practice and proved to be very 

effective in safety compliance of blasting. The innovative blasting methods helped both the metro rail 

construction projects to improve safety and productivity as well as to timely completion of excavation 

schedules. Keywords: controlled blasting, Metro Rail construction, ground vibration. 
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Figure 1. Sensitive and critical structures (hospital and heritage building) at City Market metro station. 
 

1 INTRODUCTION 
 

Urban infrastructural development has become 

very important aspect in view of the faster       

economic growth and migration of people to urban 

destinations for employment and improving     

quality of life. This is resulting in a great deal of 

problems to the urban transportation system, 

which in turn is demanding for Metro Rail       

construction and underground space creation in  

the cities. In view of the excessive carrying        

capacity of the traditional public transport, metro 

rail transportation is the best alternative to solve 

the traffic problems as well as for providing     

eco-friendly green transportation. Construction of 

metro rail projects as part of urban mass transport 

system is becoming an essential part of every large 

city development in India. Metro rail projects can 

be constructed as underground system or elevated 

system depending on the geological and             

geotechnical properties of rock mass formation 

and practical feasibility of excavation 

/construction. Construction of infrastructural    

projects like metro rail in cities poses many    

problems such as dust, noise, vibrations and      

airblast. Therefore, it is always a challenge to   

construct any metro rail project smoothly. CIMFR 

conducted the study of site-specific controlled 

blast design for rock excavations to evolve safe 

blast design parameters. 

     As part of execution of controlled blasting  

‘bottom hole decking technique’ was applied for 

improving fragmentation, reducing specific 

charge, ground vibrations and avoiding toe      

formations in bench blasting of hard rock at all the 

stations of Bangalore and Mumbai Metro projects. 

The paper deals with field investigations with   

bottom hole air decking and discusses the results 

obtained in minimising the blasting side effects in 

Bangalore and Mumbai Metro Rail Projects. 

 

2 FIELD EXPERIMENTS ON 

CONTROLLED BLASTING 
 

Bangalore is the country's fastest-growing         

metropolitan area and the Metro Rail construction 

project is being developed by the Bangalore    

Metropolitan Rail Corporation Ltd (BMRCL). The 

Bangalore metro rail project consists of both      

elevated and underground components. The     
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Figure 2. Sensitive and critical structures (Temple and building) at Chikpet metro station. 

 

tunnels are being made by tunnel boring machines 

while the underground stations were planned to be 

excavated by drilling and blasting method, which 

is likely to generate environmental effects like 

ground vibrations, air overpressure and flyrock.       

     Excavation was carried out for the South-North 

corridor at City Market Station and Chickpet     

station. The work is being carried out by M/s 

Coastal-TTS JV. Venkatesh (2013) gives a         

detailed description on their experiences on      

controlled blasting studies for East-West corridor 

of Bangalore Metro Rail project. CSIR-CIMFR 

provided technical guidelines for blasting design 

for controlling ground vibrations, air overpressure 

and flyrock during rock excavation at the two   

underground stations of the project. The distances 

from critical structures to centre line of rock       

excavation of these station areas varied from 10 to 

100 m. The sensitive and critical structures include 

temples, hospitals and heritage structures as shown 

in Figures 1-2 respectively. The following general 

controlled blasting techniques are used to         

minimise blast induced side effects during the rock 

excavation: 

− Restricted charge per delay 

− Bottom hole initiation 

− Pre-splitting 

− Use of small diameter blast holes 

− Use of decked charges 

− Installation of hard barricades 

− Optimum specific charge & burden 

− Use of proper muffling system 

− Proper stemming column and stemming      

material 

− Adequate delay period and 

− Avoiding delay scattering 
 

2.1 Geological descriptions of blast site 
 

The rock encountered in the blasting area is mostly 

of crystalline to metamorphic origin. The         

formation of rock is Peninsular Gneiss which   

contains older Gneissic complex. The granite is 

the major rock formed along the south shaft area. 

Gneiss of granite to granodiorite, intrusion of 

quartz, feldspar and biotite layers were also seen 

towards the northern region. There were also 

quartz monzonites formed on the northern region. 
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Subsurface profile at the site generally consists of 

fill overlying residual soils underlain by          

completely weathered bed rock and then bed rock. 

The encountered layers are given below. A first 

layer of about 0-1.5 m consists of fill up soil   

mostly of yellowish-brown silty sand is              

encountered. A second layer of residual soil 1.5-6 

m mostly of silty sand is encountered and below 

that a layer of silty sand to gravel 6-10 m and in 

some portion clayey silt were also encountered. A 

third layer of completely weathered to highly 

weathered rock strata is encountered at an average 

depth of 10-14 m. A fourth layer of moderately 

weathered rock at an average depth of 14-17 m is 

encountered. A fifth layer of completely hard rock 

strata at an average depth of 17 m and above were 

encountered. The foliation of rock strata is towards 

north east and the rock stratum is dipping at 30.50 

N. The strike of the bed is N 520 W. There are no 

major faults in the area and the joints were          

irregular yet few horizontal joint sets were         

encountered in some portion. The layer of 14-17 m 

moderately weathered rock has the core recovery 

of 40%-70% and has the RQD value of 40%-50%. 

The layer of hard rock has 80% core recovery and 

has 70% RQD. The RMR value of the rock strata 

is 41-60 (fair) and the Q-value i.e. Quality of the 

rock is FAIR. Ground water was observed at a 

depth of 7 m to 8 m below ground surface. 

 
2.2 Rock excavation for station construction 

 

Station boxes of approximate width of 50 m and 

length 400 m are required to be excavated by  

drilling and blasting technique. There are two    

different methods for construction of underground 

metro stations, namely top down method and    

bottom up method. Bottom up method is the    

general method of soil/rock excavation adopted for 

construction of stations as it is flexible and open 

method of excavation, which is more productive 

but less safe, many a times. Bottom up method is 

the most simple excavation approach in urban 

conditions for both soil and rock excavation.    

Hydraulic excavators are deployed for removal of 

top soil. When the strength of rock is above 25 

MPa, it is difficult to excavate the rock by non-

blasting techniques. In such projects rock blasting 

becomes the most preferred method of hard rock 

excavation. But the rock excavation by blasting is 

associated with adverse effects like ground         

vibrations, air overpressure, noise, flyrock and 

dust. The side effects of blasting could be         

controlled by application of some innovative    

controlled     blasting     techniques,     which     are 

explained in the following sections. 

 

2.3 Application of controlled blasting techniques 
 

The main objective of controlled blasting        

techniques is to control flyrock, ground vibration 

and or air overpressure within the permissible  

limits. The other purpose of controlled blasting is 

to minimise fracturing and loosening of the rock 

mass beyond the predetermined excavation 

line/profile. The objective is normally achieved by 

minimising and judicious use of explosives in the 

blast holes. Several controlled blasting techniques 

such as line drilling, presplitting, smooth blasting 

and cushion blasting are used to achieve these   

objectives. 

     Out of all the side effects of blasting, control of 

ground vibrations would become most essential 

aspects as the nearby structures are more          

vulnerable and sensitive to the ground vibrations. 

The principal factors that affect vibration levels at 

a given point of interest are the maximum charge 

per delay, the distance from the blast, the delay  

period used and the blast geometry. The          

permissible peak particle velocity (mm/s) at the 

foundation level of all the sensitive structures was 

based on the threshold limits prescribed by        

Directorate General of Mine Safety (DGMS 1997). 

Various controlled blasting techniques applied at 

the Bangalore Metro Rail Project are described in 

the following sections. 

 
2.4 Line Drilling 

 
Line drilling is one of the techniques used for over 

break control. In line drilling, a single row of 

closely spaced small diameter holes is drilled 

along the neat excavation line. This provides a 

plane of weakness to which the primary blast can 

break and to some extent reflects the shock waves 

created by the blast, reducing the shattering and 

stressing in the finished wall. Line drilling is best 

suited to homogenous formations where bedding 

planes, joints, and seams are at a minimum. The 

only place where it is applicable is in areas where 

even the light explosive loads associated with  

other controlled blasting techniques may cause 

damage beyond the excavation limit or where line 

drilling is used between loaded holes to promote 

shearing and guide the presplit line. Therefore, line 

drilling was implemented adjacent to the          

sensitive structures like Hospital at City Market 

station and Temple at Chikpet station. Initial line 

drilling was carried out with the ROC drills of    

45 mm diameter with a spacing of 0.1 m for a 



 

 

- 131 - 

Table 1. Blast design parameters for pre-splitting. 
 

Parameter Value/description 

Diameter of holes 32 mm 

Angle of holes  Vertical (900) 

Spacing  0.5 m 

Bench height 1.5 m  

Depth 2 m  

Charge per hole 0.125 kg  

Initiation system Bottom hole 

Stemming column 0.5 m  

Hole-hole delay 17 ms 

 

Figure 3. Pre-split blast design parameters with 

jack hammer drill holes. 

 

Figure 4. Pre-split test blast results in creation 

of crack between holes. 

 

depth of 5 m. Below 5 m depth, the Jack hammer 

holes of 32 mm and with a spacing of 75 mm for a 

depth of 2.4 m. It was observed that line drilling 

could not control the vibrations completely.  

Therefore, it was decided to go for presplitting to 

control the vibrations and damage. 

 

2.5 Pre-split blast design at the periphery of      

excavation 
 

Controlled blasting techniques are used in        

construction projects to minimise the damage and 

deterioration of surrounding rock mass or       

structures. Presplitting is a technique used to    

produce high quality final pit walls and to reduce 

the blast induced ground vibrations. Damage from 

back-break can be minimised, thereby ensuring the 

final pit walls stand at the designed angle. Thus, 

costly excess waste removal is avoided. Safety in 

the pit is enhanced. Control blasting is an essential 

component of procedures to maintain the stability 

of final pit walls prone to failure. Strip mines     

using blast casting also frequently employ         

pre-splitting of the active highwalls. Subsequent 

blasts can be designed for maximum effect behind 

the pre-split highwalls. Presplitting involves a  

single row of holes drilled along the excavation 

line. Presplitting the rock forms a discontinuous 

one which minimises or eliminates overbreak from 

the subsequent primary blast and produces a 

smooth, finished rock wall. Presplitting is also 

used to reduce ground vibration in some critical 

cases. The pre-splitting was practiced at the final 

line of excavation/periphery of the station box. It 

was preferred to go with small diameter holes for 

pre-splitting as the pre-split blasting itself has    

potential to generate excessive vibration levels. 

     The site-specific pre-split blast design            

parameters for the prevailing rock are given in  

Table 1 and Figure 3. The presplit blasting      

technique in this project was adopted to reduce the 

blast induced ground vibrations and high wall 

damage. Test blasts were initially conducted at 

safer distances to arrive at final pre-split design 

parameters. 

     Pre-splitting yielded very good results in terms 

of controlling overbreak, damage and ground     

vibrations. The pre-splitting test blast and post-

blast fracture plane are shown in Figure 4 and 5 

respectively. The vibration reduction due to      

pre-splitting is shown in Figure 6. There is a       

0.5m 

0.5m 

2.4mm 

0.125kg 

Air gap 
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Figure 5. Pre-split test blast results in creation of fracture plane. 

 

Figure 6. Plots of peak particle velocity versus 

scaled distance for before (upper) and after pre-
splitting (lower). 

 

Figure 7. Bottom hole shock relief technique. 
 

reduction of 40 to 45% in the vibration level at 50 

m distance from the blast site. In view of the very 

good results in pre-splitting, it was considered to 

implement this technique all through the periphery 

of the station box excavation of City Market      

station. 

 
2.6 Bottom hole shock relief technique 

 

Another innovative controlled blasting method 

practiced was ‘Bottom hole shock relief          

technique’,  which  consists of inserting reinforced 
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Figure 8. Output diagram of firing sequence of software program. 
 

concrete balls at the bottom of blast holes for      

re-orienting the shock energy to the desired        

directions. This shock energy relief blasting    

technique greatly reduces the blast vibration       

intensity by 50% and overbreak damage by 40%. 

All the above three new controlled blasting     

techniques are very simple and easy to practice 

and proved to be very effective in blasting safety 

compliance. The innovative blasting methods 

helped both the metro rail construction projects to 

improve safety and productivity as well as to   

timely completion of excavation schedules. The 

schematic diagram of bottom hole shock relief 

technique is given in Figure 7. 

 

2.7 Effective scattering delay sequence method 
 

Another technique was ‘effective scattering delay 

sequence method’ involving the delay firing of 

blast holes in such a way that the destructive       

interference of vibrations takes place and results in 

reducing the vibration intensity i.e. peak particle 

velocity, which is essential in urban blasting near 

sensitive structures. This delay sequence scattering 

method resulted in further reduction of 20-25% of 

peak particle velocity. The scattering of delay    

sequence was effectively checked by using a  

software package called JK Simblast. The output 

diagram of firing sequence of software program is 

shown in Figure 8. 

 

2.8 Fly rock control techniques 
 

The factors which influence the flyrock distance 

include: 

−  Height of stemming column and type/quality 

of stemming material 

−  Irregular shape of free face 

−  Excessive burden or blasting without free face 

−  Muffling of the blast area and the muffling  

material type 

−  Scattering and overlapping of delay timings of 

the delay detonators/relays 

−  Presence of water in blast holes 
 

     The first four parameters can be controlled by 

proper blast design whereas the last two             

parameters are not easily controllable. Fly rock 

can be controlled by proper blast design and by 

muffling/covering. It is known that unless blast 

design is proper, muffling will not be effective. 

Proper blast design and accurate implementation 

of the blast are the two areas of fundamental    

concern for controlling flyrock. The third          

important parameter is understanding the local  

geology and adjusting the explosive charge with 

regard to the geological features. The reliable and 

effective method of controlling flyrock fragments 

from the mouth of the blast holes (vertical flyrock 

on the rear side) is the height of the stemming  

column. It has been observed that flyrock,         

particularly towards the rear side, was effectively 

controlled by maintaining the height of stemming 

column in all holes greater than the burden. The 

height of stemming column should be 1.2 to 1.5 

times the effective burden in all holes. A good 

stemming material should retain borehole pressure 

till the burden rock starts to move. Dry angular 

material under the effect of the impulsive gas  
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Figure 9. Three layered muffling system used to control flyrock. 

 

pressure tends to form a compaction arch which 

locks into the wall of a blast hole, thus increases 

its resistance to ejection. In general, drill cutting is 

better stemming material as compared to sand and 

should be preferred except in case of watery holes 

(Ramulu et al. 2010). In watery holes, only sand 

free of clayey materials should be used as     

stemming material. Muffling or covering of holes 

including entire area to be blasted is one of the 

most common method to contain the distance of 

travel of flying fragments particularly when     

blasting is done within the danger zone (DGMS 

2003). 

     A three layered muffling system as shown in 

Figure 9 was used to control flyrock for all the 

blasts. That include: 
 

−  Sand bags covering all the blast holes and 

connecting lead tubes 

−  Chain linked wire-mesh with 2.5 cm mesh size 

on the sand bags 

−  Rubber mats of 1.2 ton weight covering the 

entire blast area 
 

     Muffling or covering of holes including the   

entire area to be blasted is one of the most     

common methods to contain flying fragments   

particularly when blasting is done within the   

danger zone. For initial rounds of blasts already 

available guidelines by previous researchers 

(Jimeno et al. 1995) were used and it was refined 

further for zero tolerance to flyrock. No blasting 

should be carried out without proper muffling. To 

restrict the flying fragments from the blast, the 

blast area shall be muffled comprising 25 mm x 25 

mm, 14 SWG link mesh, old rubber tyres of trucks 

and rubber blasting mats of minimum specified 

size and weight. The blasting block shall be     

covered fully and in addition, 3 m on all the four 

sides of the charged block. 
 

3 CONTROLLED BLASTING USING 

BOTTOM HOLE AIR DECKING 
 

‘Bottom hole decking technique’ was applied for 

improving fragmentation, reducing specific 

charge, ground vibrations and avoiding toe      

formations in bench blasting of granite rock at all 

the stations. The bottom hole air-decking was    

developed to avoid the advantages of general  
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Figure 10. Components of bottom hole decking 

inside a blast hole. 

 

middle deck air decking and to avoid its complex 

charging procedure. The bottom hole decking  

consists of air decking at the bottom of the hole in 

dry holes by means of a wooden spacer or a closed 

PVC pipe, covered at the upper end as shown in 

Figure 10. If blast holes are wet, water decking is 

created at the bottom by means of a spacer with a 

weight attached to it. The diameter of the spacer 

should be preferably one third of the blasthole    

diameter for easy lowering while preventing the 

charge from going down the bottom while loading. 

The reported values of air-deck length was taken 

as basis for optimum bottom deck length which 

was about 10% of the hole depth (Mead et al. 

1993). The hole contains explosive and stemming 

column as in conventional loading but with a 

spacer at the bottom. The principle of bottom hole 

air decking are explained by Ramulu et al. 2017. 

     The bottom hole air decking helped in     

achieving optimum explosive energy interaction 

on rock mass as described below: 
 

− Reduced shock energy around the blast hole 

due to cushioning effect of air decking, which 

otherwise would result in crushing 

− Explosive energy-rock interaction is more at 

the bottom due to relative relief zone existing 

at that zone 

− Effective toe breakage is due to striking and 

reflection of shock waves at the bottom face of 

hole 
 

     The procedure and sequence of blast hole    

loading and initiation for the bottom hole decking 

are given below: 
 

− Inserting the spacer into the hole bottom by 

dropping from surface or lowering down 

− Loading the primer explosive cartridge         

attached by Nonel shock tube/Detonating cord 

and the charging the column charge            

conventionally 

− Stemming of the hole by proper stemming  

material, preferably by drill cuttings or coarser 

sand 
 

   The advantages of the bottom air decking       

technique in comparison to the conventional   

middle air decking are given below: 
 

−  Applicable to the jointed rock formation which 

is not effective with middle air decking 

−  In wet holes, generally, slush is deposited at 

the bottom due to falling of drill cuttings and 

hole side collapse; this slush mixes with     

primer in conventional charging resulting in 

explosive deterioration and lower velocity of 

detonation, which is reflected in breakage and 

fragmentation. This thing is efficiently avoided 

by bottom air decking which separates the 

primer from slush 

−  The highly confined toe is free of explosive 

charge but exposed to high concentration 

shock energy, resulting in good toe breakage 

and low vibration, low air overpressure         

intensity 

−  The reduced overall peak shock reduces the 

back break and flyrock. 
 

   The bottom air decking resulted in 25-30%       

improvement of fragmentation and better          

uniformity index in granite rock formations, in 

spite of 20% reduction in specific charge. The 

peak particle velocity was reduced by 35% in 

comparison to the conventional charging without 

decking in the trial blast studies. 

 
4 DESIGN OF PRODUCTION BLASTS 

 

After achieving the free face to the bench using 

jack hammer holes by box cut method,            

progressive blasting was carried out by vertical 
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Table 2. Blast design parameters for production 

blasting. 
 

Parameter Value/description  
Diameter of holes 32 mm  
Angle of holes 900  
Burden 1.0 m  
Spacing 1.25 m  
Depth 1.5 m   
Charge per hole 0.375 kg  
Specific charge 0.2-03 kg/m3  
Initiation pattern Bottom initiation  
Initiation system Shock tube initiation 

with 200 ms DTH 

and 17, 25, 42 ms 

with TLD 

 

Stemming column 0.6-0.75 m  
No of holes per delay 1  
Delay between hole-hole 17/25 ms  
Delay between row-row 42 ms  

 

Table 3. Blast performance indicating parameters. 

 

Sl No.  Blast performance indicator Value 

1 Fragmentation (Mean  

fragment size) 

0.32 m 

2 Vibration Intensity (PPV) at 
50 m 

1.85 mm/s 

3 Flyrock projectile at 5 m Nil 

4 Air overpressure at 50 m 118 dB 

5 Back break  0-0.25 m 

 

benching. For production blasts the Jack    

hammer holes of 32 mm diameter were          

deployed to   comply the vibration limits and 

flyrock control measures. The blast size i.e. 

number of holes was limited by the anticipated 

blast induced vibrations rather than the         

production targets of the project. 

     The blast design parameters are given in   

Table 2. The depth of hole is about 1.5 - 1.75 m        

depending on the rock profiles and undulations 

in previous blasts. A plastic spacer of 0.3 m and 

25 mm diameter was inserted at the bottom of 

the hole. The direction of progression was kept 

as away from the sensitive structures. The size 

of the blast and charge per hole were decided 

based on the trial blast results, site-specific  

conditions and vibration/noise flyrock control 

measures. After initial trial blasts, the design  

parameters were optimised from the safety and 

productivity point of view. 

 

4.1 Blast results with regular production blasts 
 

The blast performance analysis was done based on 

the degree of fragmentation, vibration intensity 

and flyrock projectile. The extent of back break 

and air overpressure were also considered as    

secondary blast performance assessment             

parameters. The fragmentation analysis was done 

by using a software tool called ‘WipFrag’ for  

finding out mean fragment size. All the blast    

performance indicating parameters are            

summarised in Table 3. The vibration intensity 

never exceeded 4 mm/s at the nearest ordinary 

structures and was maintained below 1.75 mm/s 

near historical structures and hospitals. The blast 

fragmentation and extent of back-break are shown 

in Figure 11. Although the mean fragment size is 

not optimum for the excavators used in the site, it 

was considered as good blast from point of view of 

safety. 

     The uniformity index measured was 1.78 with 

the help of fragmentation analysis software,   

WipFrag. The uniformity index typically has    

values between 0.6 and 2.2 (Cunningham 1983). A 

value of 0.6 means that the muck pile is           

non-uniform (dust and boulders) while a value of 

2.2 means a uniform muck pile with majority of 

fragments close to the mean size. The importance 

of the uniformity index is size distribution curves 

having the same characteristic size but different 

values of uniformity index. Therefore, the          

observed uniformity index is towards better side. 
 

     You cannot achieve everything when blasting is 

controlled to minimise ground vibration, air    

overpressure and flyrock. One cannot expect the 

most suitable size of fragment at the same time. 

Priorities are to be set, blasts are designed to 

achieve goals accordingly. 

 
5 CONCLUSIONS 

 
The construction activity for metro rail projects 

involving blasting is a challenge in urban           

environments. Almost all generally followed    

controlled blasting techniques were used to      

minimise blast induced side effects during the rock 
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Figure 11. Post blast results of blast fragmentation and no back-break. 

 

excavation at station box excavations of the metro 

rail project, City Market and Chikpet stations. 

CSIR-CIMFR designed and successfully           

implemented controlled blasting techniques to    

restrict all the environmental effects. Line drilling 

and pre-splitting were carried out keeping the    

adverse impacts like back break, flyrock, ground 

vibration and air overpressure within the stipulated 

limits. Based on the site-specific ground vibration 

studies, condition of the structures and the        

prevailing norms, a permissible limit of below 5 

mm/s was decided for ordinary structures and 2 

mm/s for historical structures and hospitals. The 

suggested muffling with heavy rubber blasting 

mats restricted the flyrock within 10 m. The 

blasthole diameter was restricted to 32 mm and the 

specific charge was between 0.25 and 0.3 kg/m3. 

Bench height was also restricted to 1.5 to 2 m and 

production higher than the targeted production of 

300-400 m3 per day was achieved frequently. The 

vibration intensity never exceeded to 4 mm/s at the 

nearest ordinary structures and was below 1.75 

mm/s near historical structures and hospitals. 

CSIR-CIMFR developed ‘bottom hole decking 

technique’, which is user friendly and simple, was 

applied for improving fragmentation, reducing 

specific charge, ground vibrations and avoiding 

toe formations in bench blasting of granite rock at 

two stations. The bottom air decking resulted in 

25-30% improvement of fragmentation and better 

uniformity index in spite of 20% reduction in   

specific charge. The peak particle velocity was   

reduced by 35% in comparison to the conventional 

charging without decking. The blast results proved 

that the measures adopted for rock excavation at 

sensitive locations were not only safe but also  

productive. This helped in completion of            

excavation targets well in time. 
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1 PROJECT DESCRIPTION AND GOAL 

 

A Department of Transportation road widening 

project required an on-ramp access road to be cut 

through a metamorphic gneiss directly up to an  

existing railroad bridge. The railroad owner, CSX 

Transportation, did not permit blasting within 33 

metres of their rail property, but after several 

months of extremely limited success with         

mechanical hoe ramming, the prime contractor  

negotiated again with the railroad. CSX agreed to 

permit blasting based on strict adherence to        

vibration criteria. Typical blasting vibration limits 

for reinforced concrete bridge piers is 100 mm/sec, 

but the railroad stipulated a maximum of 12.5 

mm/sec compliance limit. The sloping rock cut 

varied from 4 metres in depth to 10 metres deep on 

the high side and was approximately 23 metres by 

32 metres in width and length respectively. The set 

goal for all parties concerned was to safely remove 

the rock and expedite the project while adhering to 

vibration compliance limits. 

 

2 BLAST PLAN 

 

First priority in the blast design plan was to      

perform line drilling on the side near the bridge 

end bent and existing pier. The line drilling would 

assist in mitigating the ground vibrations for each 

blast by perforating the outside blast perimeter 

(Figure 2 - 114.3 mm holes). Based on decades of 

the author’s hands on practical experience and  

Controlling blast vibrations in close proximity to a railroad bridge 
 
M. Koehler 
B.E. Consultants, Inc. 

 

 

 

 

 

 

 

 

 
ABSTRACT: This project case study involved a multiple stage drilling and blasting plan to mitigate blast 

vibrations on a highway widening located in the USA. CSX Transportation owned an existing railroad 

bridge within the project footprint and was reluctant to allow blasting closer than 33 metres. Although 

large bridge structures can withstand substantial vibrations, the blasting was halted at 33 metres from the 

bridge. After several months of limited success with mechanical hoe ramming, the owners negotiated 

again with the railroad. A large volume of metamorphic gneiss (10 metre cut) still remained and CSX 

agreed to permit blasting based on strict adherence to vibration criteria. This paper details precise steps 

utilised in bench and cut techniques combined with drill pattern and explosive load adjustments. The   

collective techniques were key elements in maintaining vibrations at 12.5 mm/sec or lower at distances 

only 9 metres away from the steel reinforced concrete bridge piers. Project completion can be attributed 

to a team effort throughout the entire process; including shot design/layout, accurate drilling, and        

precision loading. Railroad management, seeing the success of this blasting project, stated they will be 

more open to permitting blasting near their properties. 
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Figure 1. Project – (not to scale). 
 

Table 1. Slot full depth. 
 

Item Dimension 

Pattern 1.52 m x 1.52 m. 

Hole size 76.2 mm 

Decked holes 4 m to 6 m deep 

Packaged explosives 63.5 mm 

Cast booster 0.15 kg 

Max kg/delay 1.45 kg to 2.04 kg 

 

application, seismic recordings confirm that line-

drilling typically reduces blast vibrations by 25% 

to as much as 50%. The overall blast plan detailed 

three distinct zones starting with driving a slot, 

then a double bench centre cut, followed by triple 

benching the final wall against the line drilling 

(Figure 4). Each lift was designed to provide  

proper movement and minimise vibration. The   

initial slot was 10 metres wide, followed by the 

two-bench centre zone at 8 metres wide, and     

finished with the triple bench at 5 metres in width. 

The explosives were emulsion packaged product 

to provide exact weight calculations. Packaged  

explosive sizes and loads are detailed in each of 

the following zone descriptions. The slot utilised a 

cast booster and blasting agent, while the other 

two zones contained only cap sensitive emulsion 

products. Due to the high accuracy of electronics 

they should have been mandated, but ironically, 

the railroad would not allow the use of electronic 

detonators. Therefore, non-electric detonators 

were utilised for all shots. Each blast required 

complete face excavation before subsequent shots 

were permitted. Blasting mats were required and 

were placed with an excavator. Concrete road   

barriers were used to anchor the mats hanging over 

the free face to provide full coverage matting. 

     Traffic control during blasting consisted of a 

rolling pace of the traffic. This technique does not 

stop the traffic but slows it to a crawl from the 

nearest on ramp in each direction, providing a 

short window of time with no traffic on the    

roadway. Many blast plans are very restrictive and 

pigeonhole the blaster into one or limited options 

for loading. A key factor for this blast plan was to 

provide a range of hole size, explosive size,   

number of rows, etc. This range permitted the    

design to be adjusted on a shot by shot basis. 

 

3 SLOT DEVELOPMENT 
 

Slot work began at the farthest distance from the 

bridge to assist in developing site-specific          

vibration prediction formulas. Slot width was 10 

metres and was 4 to 6 metres in depth. Initial  

maximum explosive loads per delay were based on 

the General Best Fit Formula (page 5). Slot    

blasting used full depth holes which were decked 

as needed to meet vibration prediction levels. 

Blasting began with two rows of boreholes and 

then reduced to a single row. Each blast vibration 

reading and distance to the structure were added to 

a regression analysis software program to develop 

the site-specific formula. The resulting open      

excavation of the slot area provided relief to begin 

the multiple bench blasting in the centre cut. 
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Figure 2. Line drilling. 
 

4 ZONE 2 – CENTRE BENCHES 
 

Once the slot progressed several shots and was  

excavated, the centre bench blasting began   

providing two working benches for the drill.  

 

     Two working benches assisted in expediting  

the project. This second phase of the blast plan 

was to remove the centre zone utilising two 

benches. Bench width for zone 2 was eight metres, 
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Figure 3. Visual of the slot and two additional zones. 
 

Table 2. Zone 2 split into two benches. 
 

Item Dimensions 

Pattern 1.22 m x 1.52 m 

Hole size 63.5 mm to 76.2 mm 

Decked holes 3 m to 3.5 m Deep 

Packaged cap            

sensitive explosive 

50.8 mm 

Max kg/delay 1.0 kg to 1.45 kg 

 

Table 3. Zone 3 split into three benches. 
 

Item Dimension 

Pattern 0.77 m to 0.91 m     

(burden) x 0.91 m to 

1.22m     (spacing) 

Hole size 63.5 mm to 76.2 mm 

Decked holes 2 m to 3.5 m deep 

Packaged cap      

sensitive               

explosive 

22.2 mm to 50.8 mm 

Max kg/Delay 0.227 kg to 1.0 kg 

 

with each shot taking the entire width. In addition 

to the reduced bench height, the holes in this     

section were decked to further reduce the          

kilograms per delay. Initial blast design entailed 

two rows of holes per shot on each bench. Shots 

were reduced to single rows as production moved 

closer to the bridge pier. The single rows resulted 

in less stacking of material safeguarding vibration. 

5 ZONE 3 – TRIPLE BENCH 
 

The 3-bench zone was 5 metres in width backed 

directly by the line drilling. The drill pattern, hole 

size, and explosive size were all reduced as needed 

to maintain vibration compliance. Again, the      

initial blasts utilised two rows then were reduced 

to a single row. Lighter loads and short benches 

mandated smaller drill patterns to provide proper 

fragmentation and enhance vibration mitigation. 

The slot and centre were shot in unison, but Zone 

3 was completed only after Zones 1 and 2 were 

shot and excavated entirely. Several blasts were 

performed each day entailing complete face       

excavation for each event. This was time          

consuming but absolutely necessary. 
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Figure 4. All zones. 

 

6    VIBRATION 

 

Vibration monitoring was performed in two       

locations. A monitor was positioned on the end 

bent and at the top of pier 1 (Figure 6). The      

railroad required the geophones to be sandbagged 

directly onto the concrete. Additional back-up 

monitors were also used at each location. The 

maximum loads were based on the Initial PPV 

Prediction Model while the site-specific model 

was in development. The site-specific model was 

influenced by the line drilling, which absorbed 

much of the energy. 

     Initial PPV Prediction Model: 
 

                            (1) 
 

     Site-Specific PPV Prediction Model: 
 

                               (2) 
 

     Each zone began with two rows of holes in the 

blast. As the vibrations began to increase, the  

shots were reduced to a single row to provide less 

stacking of material. The single rows provided the 

rock freedom of movement reducing confinement 

and overall vibration. Single rows were             

implemented once vibrations reached 6.0 mm/sec 

on the two row shots. Each blast required a new 

blast plan to be submitted with vibration           

predictions. Table 4 shows a sample of the       

predictions and actual readings that occurred. 
 

7 RESULTS AND SUMMARY 
 

To summarise the project, vibration compliance of 

12.5 mm/sec maximum was met throughout the 58 

blasts required. The key for successful completion 

was utilising the multiple steps listed below: 
 

−  Line drilled the desired neat line near the    

railroad bridge 

−  Shot an open slot for relief as the blasting 

moved closer to the bridge 

−  Removed the centre of the cut in two benches 

−  Completed the final wall in three benches 

−  Utilised a site-specific vibration prediction 

model 

Triple bench 

Centre double 

bench 

Slot 
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Figure 5. Matting zone 3. 

 

Table 4. Sampling of prediction vs. actual vibration at pier 1. 
 

Distance Weight K=1140 K=643 Actual reading 

12.19 m 0.36 kg 9.30 mm/sec 5.23 mm/sec 3.94 mm/sec 

18.28 m 0.73 kg 8.38 mm/sec 4.83 mm/sec 3.30 mm/sec 

22.86 m 1.04 kg 7.87 mm/sec 4.57 mm/sec 5.21 mm/sec 

22.86 m 1.45 kg 10.4 mm/sec 5.84 mm/sec 6.10 mm/sec 

28.96 m 2.04 kg 9.40 mm/sec 5.33 mm/sec 4.57 mm/sec 
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Figure 6. Arrows at seismograph locations. 

 

Figure 7. Completed access ramp. 
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     Pre-splitting was not a viable option for the 

project due to the calculated intensity of the     

confined vibration response. The ground vibration 

constant was quite low on this project, but please 

keep in mind that initial blasts used restrictive 

formulas until site specific constants were       

thoroughly established. Geology on each job site 

will vary, therefore, means and methods used on 

this project may not be optimum for other sites. 

 

8 CONCLUSIONS 
 

Kilograms per delay are a major factor in vibration 

reduction, but there are supplemental techniques to 

couple with the scaled distance relationship.    

Line drilling, complete face excavation, and       

reducing the number of rows are integral elements 

of confinement relief; which can greatly reduce 

blast induced vibration. Be cognizant when        

reducing the kilograms per delay. The drill pattern 

may need reducing to maintain a proper powder 

factor. Simply reducing the kilograms per delay 

can possibly increase vibration, if the charge     

becomes extremely over confined. 
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Figure 1. General process of quality control. 

1 INTRODUCTION 

 

1.1 Profits of blasting quality control 

 

The key to real improvement is proper control. 

Optimisation and savings in the P&V process and 

its direct and indirect impact on the global mining 

operation. 

     The general basic steps for such control are 

shown in Figure 1. 

     The quality control of blasting is essential for 

the evaluation and improvement of explosions. 

Without a quantitative assessment of the quality 

and accuracy of the blasting implementation it is 

impossible to execute efficient changes and real 

Digitalisation for optimisation: easier and cheaper 
 
M. Rocha 
Rocha Blast Engineers S.L., Spain 

 

 

 

 

 

 

 

 

 
ABSTRACT: On many occasions during mining operations, blasting engineers find different and         

controversial results of fragmentation, dilution or wall control for the same geotechnical domain and blast 

design (pattern and explosive charge). Most of the time the difference between the same blast designs is 

not measured, not controlled. Once a blast design is defined, the most important part of the process after 

that is the implementation of every step of the blast on site. And almost nobody is measuring it,           

controlling it. And, just controlling implementation is able to relate blast design with results in a          

consistent way, to optimise designs. Controlling implementation, not only per event but also to check and 

change trends and making decisions, is paramount for optimisation and saving millions of extra costs   

every year. The lack of resources and the difficulty of managing all the information created everyday in a 

blast makes this process very tough and difficult to maintain in the long term. The use of new             

technologies on site and software, that allows a better more consistent and continuous control of blast  

implementation, have been proved to be the key for optimisations and cost saving. This document shows 

the evolution of drilling and blast process, savings and trends in some mines, using new technologies that 

creates business opportunities and general improvement of D&B (drill & blast) process. 
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Figure 2. Typical blasting quality control process: on site and office. 
 

optimisations of the process. Key performance   

indicator (KPI) control is the basis for                

optimisation and cost savings. The main KPIs that 

any operation should control are: 
 

− drilling length 

− drilling position (x y coordinates) 

− length of stemming 

− linear density of the load. 
 

     In addition to other controls, both quantitative 

and qualitative, such as: bench preparation,       

explosive quality control (density measurement) or           

implementation according to best practices. 

     The average savings per operation are 400   

million US$ for over-drilling. Not counting the 

side effects and downstream of the uncontrolled 

process. 

     Continuous control of the quality of blasting 

provides a range of benefits: 
 

− short term - control of the implementation at 

the same time of the drilling and/or charging 

for identification of solved incidents that can 

avoid problems like flyrock or bad results by 

inaccuracy in the drilling, among others 

− medium term - identification and diagnosis of 

behaviours according to the quality      

tendencies of the different KPIs. Control and 

decision making by identifying a             

decalibration of autonomous drilling systems, 

for example 

− long term - above all economic benefits by 

taking control of the quality and efficiency of 

blasting. This ensures the possibility to       

optimise the work and achieve significant   

direct savings (drilling and explosive savings) 

and indirect (better overall performance in 

hauling and transport, maintenance,         

fragmentation, slope stability, etc.). 

 

     The continuous control of the KPI has always 

been a tedious and difficult task to maintain in a 

constant and consistent way in time due to a    

general lack of resources and time. The typical   

data-taking and management protocol prior to   

digitalization was as follows in Figure 2. 

     Fortunately, in recent years, technologies have 

been developed for the process digitisation, really 

practical and easy to maintain control in the long 

term, mainly helping to capture data in the field. 

     Once the digitalisation of data capture has been 

implemented in the field, the process is limited to 

two steps, the data taking and the analysis of the 

same, leaving all the management and processing 

already automated done from the moment of data 

taking in field by a digital way. 



 

 

- 149 - 

Figure 3. Digitalised blasting quality control process: on site and office. 

 

 

     Digitised process provides the following      

benefits: 

 

− savings of approximately 70% of the time of 

the global QA/QC control process by      

eliminating the most laborious and             

unproductive parts of processing and       

managing data collected in the field 

− so time takes advantage of measuring and  

analysing to improve 

− more representativeness of the data as it is 

possible to sample more information at the 

same time overall of the process 

− the time or staff that were concerned with   

information processing, can now be        

measuring more blastholes 

− continuity of the process and, therefore,    

medium and long term benefits with large   

associated savings 

− direct and instant link between field and       

office for faster and more efficient decision 

making 

− saving on paper and ink 

− continuous quality control provides           

fundamental information for the optimisation 

of the process at all levels: economic,        

productive, gas emissions, etc. 

 

 

      The following is a case study showing the   

evolution of an operation from the absence of field 

control, first steps in a discontinuous control, semi 

digitisation and total digitisation in the field and 

office to get the best results of the work. 

 

2 CASE STUDY: EVOLUTION OF 

DRILLING AND BLASTING QUALITY 

CONTROL 
 

The present case study was started in 2016 in a 

gold mine, tracking and improving up to the time 

of writing. 

     The following are the situations analysed in the 

operation on quality control issues, proposals 

made, follow-up and improvements generated with 

the final implementation of a strict control process 

supported by technology of digitisation. 

 

2.1 2016 Initial stage: nothing of nothing 
 

In November 2016, the first quality audit was   

carried out in the mining operation. The state of 

the on-site controls was initially assessed. At that 

time, the quality controls of the blasting were     

totally non-existent by the Property. The           

contractor carried out certain on-site controls, such 

as   measuring  pre-load  drilling  (which is a good  
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Figure 4a. Example of priming bad practices. 

 

Figure 4b. Hole length deviation. 
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Figure 5a. Protocol of hole measurement on site. 

 

standardised practice in the industry), but sending 

this information and charge details late and         

error-prone. 

     The following problems were diagnosed       

following the necessary measurements and       

controls in the field: 
 

− null control in design and implementation of 

blasting 

− identification of bad practices in priming and 

loading of the explosive 

− primitive blasting designs but with great     

optimisation potential 

− annual surcharge in more than 1.2 million US 

$ for excess uncontrolled drilling (excess of 

drilling metres and the relevant explosive). 
 

     Clearly, QA/QC quality control was necessary 

to achieve quality levels of implementation of 

blasting and, from there, begin the optimisation of 

the designs. 

     The solutions proposed for the elimination of 

bad practices and the gradual improvement of the 

drilling and blasting process were as follows: 
 

− implementation of QA/QC protocols with the 

measurement and follow-up of the main KPIs 

and the theoretical and real comparison of 

each one of them to study the deviation. 

− other additional implementation and        

monitoring of results such as: 

- quality control of the explosive or use of 

best practices 

-  bench preparation supervision (floor and 

free face) 

-  control of results: fragmentation, slopes, 

dilution, vibration, etc. 
 

These solutions were established as tasks for   

property and contractor during the absence of the 

external auditor. 

     At this time the operation did not have any   

digitisation system to support the field control 

work, so the protocol was followed as outlined in 

Figure 2. A slow and inefficient process. 

 

2.2 2017-2018 definition of controls - start-up 

and follow-up 
 

Throughout 2017, the quality control protocol    

established in the operation was in the following 

situation: 
 

− the control by the mine, the property, is only 

carried out during the visits of the external 

auditor 

− the field control by the contractor was made 

more accurately, but when the staff of the 

property or external auditor 

− the reports of the monitoring of the blasts 

were still late and with mistakes, which 

makes the objective of the report, which is to 
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Figure 5b. Protocol of data collection on site. 
 

make decisions in the short term, is not     

possible if the reports are delayed more than 

2 days 

− the quality percentages of the principal KPIs 

still did not reach the world standards of  

quality of 80% of precision in the              

implementation. 
 

     With continuous field control and appropriate 

and consistent processing of information, it was 

possible to diagnose certain problems and trends 

and solutions, such as identification of           

decalibration of the gauge in drills with              

autonomous system. This problem was solved by 

warning those responsible, who did a calibration 

campaign on all the drills in the operation. 

Maintenance and exhaustive increase of the     

controls in field to reach the world quality ranges 

(80% KPI precision). Throughout the year, the 

evolution of quality and its economic impact on 

the operation showed the efficiency of the        

protocol. 

     Figure 6 shows the drilling length precision 

control from February to October 2017 and its   

annual and yearly economic impact (according to 

estimated amount of annual holes). It can be seen 

that the percentage of long blastholes decreases 

considerably, from 54 to 31%. In the rainy months 

it reached 10% but these values were conditioned 

by the humid period and the difficulty of avoiding 

collapses or clogging of holes according               

to the material and quantity and type of water. 

     Avoiding extra over-drilling implied, in this 

particular operation: 
 

− great savings in extra drilling 

− securing of ridges of sidewalks 

− better control of floors and all that this entails 

for the cycle of P&V, load and transport 

− better fragmentation. 
 

     According to the accuracy values of drilling 

length implementation, it could be concluded that: 
 

− based on the accuracy of February 2017 data, 

the extra annual cost was estimated at US 

$610.31 

− based on the accuracy of October 2017 data, 

the extra annual cost was estimated at US 

$354.55. 
 

     The global savings through Feb-Oct 2017 of 

extra costs was estimated at US $255.76 in P&V 

for the control of drilling lengths, taking into     

account extra-perforated metres and extra kilos of          

explosive load. 

     Despite operational and economic                 

improvements, the control carried out during 2017 

remains insufficient. During 2018, the lack of  

control was significant. The problem was lack of 

resources (personal/time) to ensure consistency 
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Figure 6. Evolution of drilling quality from February to October of 2017. 

 

Figure 7. Evolution of estimation of extra costs by drilling inaccuracy from February to October 2017. 

 

and continuity of QA/QC control in field and     

office. The proposed solution was: Project of         

‘digitisation of the design and control of            

implementation of blasting’. 

     This project includes the incorporation of the 

following software or technologies to support the 

work of quality control (in addition to control   

systems and monitoring such as radar and       

seismographs): 
 

− blasting design software – JKSimBlast 

− tablet on site for quality control, simply     

digitising with Excel (compatible with 

JKSimBlast) 

− fragmentation analysis software –            

Split-Desktop. 
 

     In the last months of 2018, the use of a tablet 

was implemented in the field for direct digitisation 

of the blast data, but the processing and analysis 

steps were still present and continued to hinder the 

desired workflow. This method saved only about 

20% of the total QA/QC time. In 2019 the          

definitive step was made towards the digitalisation 

and quality control of blasting QA/QC in the     

operation. 

 

2.3 2019 Total digitisation savings and            

optimisation 

 

In 2019, within the same project ‘digitization of 

design and control of implementation of blasting’, 

a substantial improvement was made in the quality 

control phase with the implementation of the 

online blasting quality control system QA/QC, 

Blastatistics®. 

     The direct benefits of this system are: 
 

− use of a simple and friendly tablet on site for 

monitoring the control and quality of the   

implementation of blasting, not only with 

measurements, but also by capturing other  

details through alarms, images or statistics for 

immediate decision making 

− online system that links ground (tablet) and 

office (web) continuously so that all involved  

Porcentaje extra 54% 24% 22% 17% 12% 10% 23% 22% 31%

Valor extra perfo 14,531.25$       6,412.50$          6,015.40$          4,672.02$          3,332.64$          2,820.59$          6,344.49$          6,036.18$          8,441.72$          

Valor extra explosivo 36,328.13$       16,031.25$       15,038.50$       11,680.04$       8,331.59$          7,051.48$          15,861.23$       15,090.45$       21,104.29$       

Gasto extra mensual 50,859.38$       22,443.75$       21,053.90$       16,352.06$       11,664.23$       9,872.07$         22,205.73$       21,126.62$       29,546.00$       

Gasto extra anual 610,312.50$     269,325.00$     252,646.82$     196,224.69$     139,970.71$     118,464.80$     266,468.71$     253,519.48$     354,552.04$     

meses de lluvia
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Figure 8a. Staff collecting data on site digitally. 

 

Figure 8b. Staff collecting data on site digitally. 
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YEAR 
Data      

Collection 
Processing Management Analysis Reports 

2016 - - - - - 

2017 Manual Manual Manual Manual Manual 

2018 Digital Digital/Manual Manual Manual Manual 

2019 Digital Automatic Automatic Automatic Automatic 

 
Figure 9. Evolution of the quality control process from 2016 to 2019. 

 

Figure 10. Quality control charts and precision of main blasting KPIs – charts 1,2 & 3. (l to r). 
 

− in the work of P&V are simultaneously       

informed of the state of control, drilling and 

loading of the blasting 

− complete information, classified and analysed 

statistically from its capture in the field to 

make the most of the land and, therefore, to 

the work of engineering and analysis in the 

office 

− cost calculations and instantaneous estimates 

of extra expenses for inaccuracy in            

implementation. 
 

     Figure 9 shows the evolution of QA/QC quality 

control process in operation. 

     The indirect benefits are clear. If the real      

digitisation facilitates the complete control       

process, this increases the monitoring and      

therefore the representativeness of the sampling 

and thus the decision making is more direct and  

efficient in favour of the improvement and the   

optimisation of the work. 

     Analysing the implementation of this system, 

since April 2019, and according to the                

inaccuracies found and the cost estimates provided 

by the program, the advance is as follows: 
 

− precision drilling length (Figure 10 - chart 1): 

86% 

− drilling precision X, Y (Figure 10 - chart 2): 

98% 

− precision in stemming length (Figure 10 -

chart 3): 87% 

− estimated annual extra costs: US $20,000. 
 

     Thus, it is concluded that, thanks to the        

continuous and consistent control of the quality of 

the blasting, supported by easy technologies that 

simplify the tedious work of QA/QC, the           

following advances have been achieved in the   

operation: 
 

− notable improvements in the quality of the 

implementation that give opportunity to the 
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optimisation of the blasts and their impact 

downstream 

− discipline and consistency in quality controls 

− better communication among those involved 

in having the information at the moment, thus 

avoiding inefficient waits for decision making 

− the extra cost from October 2017 to May 

2018 has been reduced by approximately US 

$320.000. 

 

3 CONCLUSION 
 

Quality control optimisation is possible through a 

correct digital process, including all the necessary 

information and all those involved in a single   

platform, thus reducing data processing time and 

converting that time into productive time of    

greater monitoring, analysis and engineering for 

continuous improvement. 

     We can now anticipate events in the field and 

make decisions, innovate blasting designs, control 

real-time P&V KPIs, instant drilling control,      

optimise the loading, and reduce the time and costs 

of processes, fulfilling the company's                 

objectives. With innovation and digitalisation, we 

have been able to contribute to the profitability of 

the work of P&V and the operation in general. 

And with all this, we can talk about a digitalisation 

for optimisation, because the quality and its     

control is the key to start optimisation processes. 

Easier digitalisation process because there are 

friendly, practical and simple tools that facilitate 

the work of field control and eliminate the        

processing of unproductive data. And a cheaper 

digitisation because by making the long-term    

follow-up of the qualities, the improvement is    

inevitable and therefore the investment in        

technology and control personnel is a residual cost 

based on the great economic benefits obtained and 

savings achieved. 
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1 INTRODUCTION 

 

Pre-existing discontinuities in the rock mass, such 

as bedding planes, primary foliation, planes of 

schistosity, fractures or joints, define a system of 

rock blocks (Palmström 2001) that have a large  

influence in the results of bench blasting, such as 

over-excavation, toe breakage, pit floor            

conditions, fragmentation and rock motion from 

bench blasting (AECI 1983, Ash 1968, Burkle 

1979, Hustrulid 1999). 

     The orientation (i.e. dip and dip direction) of 

the predominant discontinuities with respect to the 

free face of the blast and their spacing have been 

rated to assess the blastability of the rock (Lilly 

1986 & 1992) and to predict the median size 

through the modified Kuznetsov equation in the 

Kuz-Ram model (Cunningham 1987& 2005,  

Kuznetsov 1973). These geotechnical conditions 

are also considered on the xp-frag distribution-free 

model (Sanchidrián & Ouchterlony 2017)          

developed recently as an alternative to classical 

models like Kuz–Ram and crush-zone            

(Kanchibotla et al. 1999, Thornton et al. 2001) 

that rely on the Rosin-Rammler distribution   

(Rosin & Rammler 1933, Weibull 1939 & 1951). 

     Rock mass conditions are commonly assessed 

from the properties of the fractures (orientation 

and spacing) intersected by horizontal and vertical 

scanlines on the rock face of the bench (Hamdi & 

Joints mapping with commercial monitoring tools - techniques,  

results and lessons 
 
P. Segarra, J.A. Sanchidrián, A.P. Perez, J. Navarro & C. Paredes 
Universidad Politécnica de Madrid – E.T.S.I. Minas y Energía. Madrid, Spain. 

 

 

 

 

 

 

 

 

 
ABSTRACT: The intersections of discontinuities with the rock face have been assessed in two quarry 

blasts through photogrammetry. Geotechnical conditions within the rock mass are also investigated from 

2D oriented photographs of the blasthole walls from measurements with optical televiewer in the same 

blasts. One operator manually analysed the in-hole photographs, while two mapped manually               

discontinuities in the 3D photogrammetric models. The orientation of discontinuities and spacing          

between them are discussed and applied to assess the rock factor in the xp-frag model. Uncertainty in rock 

mass characteristics due to the measuring conditions is assessed and their effect on the resulting         

fragmentation assuming constant blasting parameters discussed. The bias due to the operator leads to a 

moderate relative difference in fragmentation of about ±15%, while the effect of the monitoring tool, 

sampling direction and image scale involves significant changes in fragmentation; photogrammetry     

provides coarser fragmentation than televiewer by a factor of 1.38 to 2.45, depending on the percentile 

considered. 
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Table 1. Total number of discontinuities and percentage assigned and not assigned to a cluster (in each cell, the 
first number corresponds to PhOp1 analysis, the second to PhOp2 and the third to TvOp1). 

 

Blast Number of 

joints 

 

Percentage 

Sh SvSW SvS/SE SvE/SE SvNE NA 

B1 94a/168b/160c 30/35/38 24/21/18  32/28/14  -  / - /14  - / -/13  14/17/3 

B2 67 /156 /77 35/28/14-30 22/26/ - -  /29/23 24/ - /14 -/ -/16 19/17/3 

Key - a:PhOp1; b:PhOp2; c:TvOp1. 

 

Ph: photogrammetry; Tv: televiewer. Sh: Subhorizontal set; SvSW= Subvertical set in SW direction; SvS/SE= 
Subvertical set in S/SE; SvE/SE= Subvertical set in E/SE; SvNE=subvertical set in NE; NA: not assigned to any 

cluster. 

 

du Mouza 2005, ISRM 1978, Priest & Hudson 

1981, Svahn 2003). In the last years, the use of  

terrestrial digital photogrammetry and laser    

scanning has been extended to investigate rock 

mass properties in blasting (Beyglou et al. 2015; 

Kemeny & Handy 2004, Ouchterlony et al. 2010). 

     Recent published works have validated these 

techniques from in situ measurements in rock   

outcrops near infrastructures (Osterman 2017, 

Drews et al. 2018). However, the uncertainty in 

both orientation and spacing of the discontinuities 

(and thus in the blastability index and predicted 

fragmentation) due to the tools limitations and  

setup, the sampled area of the rock mass (free face 

or blasthole) and the operator bias has been little 

investigated. To bridge this gap, pre-blast        

conditions have been monitored using              

photogrammetry and optical televiewer within the 

European Union-funded project SLIM 

(Sanchidrián 2018, SLIM 2019). Photogrammetry 

is a mature technology commonly used in bench 

blasting, while no references to the use of optical 

televiewer to assess pre-blast rock conditions, have 

been found by the authors. 

 

2 THE SITE 

 

The experimental work was carried out at El 

Aljibe quarry owned by Benito Arnó e Hijos. The 

quarry is located near the town of Almonacid de 

Toledo (Spain) and mines mylonite to produce 

among other aggregate materials, track ballast for 

high-speed and conventional trains. The rock has a 

density of 2721 kg/m3 and an average uniaxial 

compressive strength of 171sd.79 MPa (Castedo et 

al. 2018). 

     The rock structure can be described as blocky. 

One subhorizontal family and 2 to 4 subvertical 

sets are detected from in situ measurements at the 

deepest level of the pit. The subhorizontal family 

is related to the Hercynian normal fault of Montes 

de Toledo, which originated the main foliation of 

the mylonites (Enrile 1991), while the subvertical 

sets are related with the oblique movement of the 

fault’s blocks in the last tectonic episodes of the 

Hercynian Orogeny (Barbero et al. 2005). 

     The blasts were located one behind each other 

in the Southwest part of the deepest pit level. They 

consisted of one row with seven blast-holes drilled 

with 89 mm diameter and a nominal inclination of 

15°; more details on the blasts are given in Segarra 

et al. (2018). The dip direction of the bench face 

was towards SW, with a dip about 70°, and a mean 

height of 11.5 m. 

 

3 PHOTOGRAMMETRY 

 

In each block, six photographs of the free face 

were taken from the grade level at 30 m from the 

toe. The photos were made parallel to the rock 

face with a separation of about 5 m. A calibrated 

camera Canon EOS 70D with 20 Mpx and a   

Tamron 17 mm zoom was used. Six to eight disc 

targets were placed along the toe of the highwall 

and two additional ones were placed at the top part 

on the lateral limits of the block. The 3D model is 

georeferenced from the absolute coordinates of the 

discs obtained with a Quarryman ALS laser      

system. 

     The software ShapeMetriX 3D-SMX (3GSM, 

2010) was used to process the photos and analyse 

the data. The bench surface analysed was 304 m2 

for blast B1 and 270 m2 for blast B2. The average 

3D spacing between points was 6 cm. 

     In order to address the human bias, two         

operators have manually mapped the                 

discontinuities in the 3D models of both blasts. 

Operator 1 (Op1) was an experienced geologist 
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while Operator 2 (Op2) had little experience and 

followed basic guidelines provided by Operator 1. 

Op1 spent two hours per blast and Op2 four hours. 

Both operators used a 1.5 m squared grid to map 

the relevant structures close to the grid lines. Few 

planes (or facets) of discontinuities were apparent 

in the rock face and discontinuities were usually 

defined by a polygonal line that follows the trace 

of the discontinuities in 3D space; Op1 used a  

single long line to map the discontinuity trace, 

while Op2 traced several short lines to map the 

same discontinuity. This results in more            

discontinuities from the analysis by Op2 (see the 

first and second figures in the second column of 

Table 1). 

 

4 OPTICAL TELEVIEWER 

 

The geotechnical condition of the blastholes was 

analysed with an optical televiewer manufactured 

by Advanced Logic Technology. This system is 

composed by a QL40 OBI-2G logging tool (1470 

× 40 mm) with a digital image sensor at the      

bottom with an active pixel array of 1.2 Mpx and 

fisheye matching optics. The logging tool has also 

10 LEDs to light the hole walls and hole deviation 

sensors. Two centralisers are mounted at the top 

and bottom parts of the tool to ensure that it is  

well centred in the hole. The monitoring device is 

completed with a data acquisition system (BBox), 

a mini-winch with 200 m of wireline that pulls the 

logging tool at constant velocity, powers it and   

allows data exchange. A computer to control the 

tool and record the images is required. 

     The assembly of this equipment in the field 

takes a minimum of 30 minutes. Five and three 

blastholes were monitored from bottom to top in 

blasts B1 and B2, respectively; the upper 1.5 m 

that correspond to the length of the logging tool 

cannot be measured. The azimuthal resolution  

was set to 900 px and the vertical resolution      

was 1 mm. About 45 minutes were spent            

per hole for these conditions (the                      

monitored length of the holes ranged from 11 to 

12.8 m). 

     The televiewer provides for each blasthole, a 

continuous unwrapped 360˚ oriented colour     

(2D) image of the hole walls. In this image,      

discontinuities appear as sinusoidal traces from 

which features (amplitude, and the coordinates of 

three non-collinear points), it is possible to       

calculate their dip, dip direction and aperture      

(Li et al. 2013, Wang et al. 2002, Williams & 

Johnson 2004). Wellcad software (ALT 2017) was 

used to analyse the in-hole photographs. Although 

the software maps discontinuities automatically, 

the performance of this analysis was poor since 

too many discontinuities were marked, and a  

manual mapping of the logs was made by Operator 

1. To reduce the bias in the analysis, a library of 

the fractures and structures to be marked was     

defined, namely: open (continuous) fracture,    

continuous closed fracture, discontinuous fracture 

(its trace is not continuous and it is visible in 50 to 

75 % of the lateral surface of the hole wall), filled 

fracture, and voids (Gomes et al. 2018). The latter 

was considered only for the spacing calculation, 

while internal structures of the rock, such as       

foliation and mineralised veins were not           

considered. 

 

5 ANALYSIS OF RESULTS 

 

Geotechnical conditions for each blast are          

obtained from three analyses in which two       

monitoring tools to sample rock mass                

discontinuities at different locations and two     

operators were involved. The measuring          

conditions are (in brackets the short name given): 

photogrammetry analysed by Op1 1 and Op2 

(PhOp1 and PhOp2, respectively) and       

televiewer mapped by Op1 (TvOp1).                

Although these tools provide other                      

data in addition to orientation and spacing of    

discontinuities, only these parameters are           

analysed here. 

 

5.1 Orientation of discontinuities 

 

In order to explore the concentration of             

discontinuities resulting from each analysis, and to 

preliminary explore the sets or families present in 

the rock mass, the intensity of poles is calculated. 

For this purpose, the gathering degree is calculated 

for every jth discontinuity as follows (Ma et al. 

2015): 
 


=

=
n

i

ijj

1

cos                                                   (1) 

 

     where θij is the angular distance between the 

unit normal vectors Ui and Vj of discontinuities i 

and j obtained as cos-1(|Ui ●Vj|) and n is the    

number of discontinuities at a distance smaller or 

equal than the gathering degree threshold, Ω (θij 

≤Ω=20˚; a range from 5 to 20˚ is suggested by Ma 

et al. (2015). 

     For each discontinuity, φj accounts for both the 

number of fractures around it and the distance to it 

(i.e. high values of φj correspond to high density  
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Figure 1. Gathering density contours of discontinuities (Ω=20˚) from each analysis type (PhOp1, PhOp2, 

TvOp1) and blast (B1 and B2). 
 

of discontinuities). Figure 1 shows in a different 

plot the gathering density contours of                

discontinuities for each blast and analysis type; a 

lower hemisphere of an equal area stereographic 

projection has been considered. The values         

assigned to the colours of the contours are kept 

constant for every analysis and plots without      

the lightest shade areas indicates that less          

discontinuities were mapped (see second column 

in Table 1). In each graph, areas with the lightest 

shades show orientations with higher density of 

discontinuities than darkest shaded areas. 

     Non shaded zones of the stereonets in          

Figure 1 correspond to orientations in which no 

discontinuities were measured. The dip of         

discontinuities from televiewer logs (top and     

bottom right graphs, Figure 1) is smaller than from 

photogrammetry; such result is caused by the    

difficulty of measuring the amplitude of the         

sinusoidal traces associated to vertical joints. 

     In blast B1, the orientations with high density 

of fractures are similar for photogrammetry    

models analysed by Op1 and Op2 (see left and 

central top graphs for PhOp1 and PhOp2, Figure 

1), while optical televiewer (right top graph,    

Figure 1) provides subvertical sets at different  

orientations (see mid-toned areas in the E and NE 

directions) with the exception of subhorizontal                   

discontinuities. In blast B2, differences between 

each analysis are larger, especially for the        

subvertical joints, (see bottom graphs in Figure 1). 

These are oriented towards E/SE direction in 

PhOp1 analysis (left bottom graph, Figure 1),  

concentrated around the S for PhOp2 (central   

bottom graph, Figure 1) and in the S/SE and NE 

directions for TvOp1 (right bottom graph,        

Figure 1). 

     Figure 2 shows the normal of the mapped    

discontinuities for each blast in the lower        

hemisphere of an equal angle stereographic      

projection; a different shade is used to differentiate 

each analysis type. The discontinuities from each 

analysis were not coincident in most of the       

cases. To cluster the discontinuities from          

photogrammetry (PhOp1 and PhOP2 analyses), 

the software ShapemetriX has been used; the 

number of sets or clusters was fixed to three      

according to Figure 1 and the maximum         

membership angle (it accounts for uncertainty 

within the data) has been set to 35˚ according to 

3GSM experience (smaller angles leave outside 

the clusters a large number of discontinuities). 
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Figure 2. Cluster analysis of the joints mapped with photogrammetry by operators 1 (PhOp1) and 2 (PhOp2, 

darkest shade) and Optical televiewer by Operator 1 (TvOp1, lightest shade) for blasts B1 and B2. 
 

MATLAB (2015) is used to cluster discontinuities 

from televiewer logs (TvOp1 analysis); the     

function kmeans has been adapted to consider the 

angular distance proposed by Hammah and Curran 

(1998): 
 

22 )(1),( jiji VUVUd •−=                           (2) 

 

     The same membership angle used previously 

was considered, while the number of clusters has 

been increased to five. 

     A Fisher distribution (Fisher 1953) has been 

used to plot the resulting clusters in Figure 2; in 

each set, the mean orientation of the normal vector 

is shown by a cross; the 95 % cone of confidence 

(i.e. a region around the mean direction of the   

discontinuity set where there is a 95 % probability 

of the mean orientation to fall) is given with a 

thick line, and the spherical aperture (i.e. an        

estimate of the standard deviation in the            

orientation of the discontinuities assigned to the 

set) is given by a thin line. 

     One subhorizontal (Sh) and four subvertical 

sets in Soutwest (SvSW), South-Southeast 

(SvS/SE), East-Southeast (SvE/SE) and Northeast 

(SvNE) directions are identified in both blasts by 

at least one of the analyses. Table 1 shows the  

percentage of discontinuities assigned to each 

cluster and the percentage not clustered. 

     Only the subhorizontal set (Sh) is identified in 

all three analyses in both blasts; in blast B2,   

however, two subhorizontal sets are obtained from 

in-hole photographs (see lighter shaded circles 

near the centre of right graph). In blast B1, all 

three analyses show a discontinuity set in SW and 

S/SE directions, while the other two discontinuity 

sets in E/SE and NE directions are only detected 

by televiewer analysis. In blast B2, the subvertical 

sets observed depend on the measuring             

conditions. For instance, in the analysis of the  

photogrammetry model, discontinuity SvS/SE is 

only observed by Op2, while the set in the SW   

direction is only detected by Op1. For these two 

analyses (PhOp1 and PhOp2), few sets are mapped 

in the North directions, and no cluster is obtained 

from televiewer logs. 

     The angular distances between the mean unit 

normal vectors of the clusters obtained at similar 

directions, and thus showing the same               

discontinuity set, are shown in Table 2; the       

horizontal set towards the S direction, detected  

only with televiewer in blast B2, is discarded for 

the analysis. These distances describe the          

uncertainty in the mean orientation of the family 

sets from the different analysis types and are given 

in bold when no differences between the mean unit 

vectors can be stated at a level of 95 %, i.e. their 

cones of confidence overlap (thick lines in Figure 

2). This occurs in 4 pairs out of 15. The angular 

distances are below the maximum membership  
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Table 2. Angular distances (in degrees) between unit normal vectors of the clusters of the same discontinuity set 

obtained with different analyses. 

 

Blast Analysis     Sh        SvSW     SvS/SE  SvE/SE SvNE 

B1 PhOp1 - PhOp2 7.7 8.0 13.0 - - 

PhOp1 - TvOp1 14.7 23.0 24.5 - - 

PhOp2 - TvOp1 14.5 17.9 27.0 - - 

B2 PhOp1 - PhOp2 23.4 22.7 - - - 

PhOp1 - TvOp1 6.3 - - 16.1 - 

PhOp2 - TvOp1 27.1 - 14.9 - - 

 

Table 3. Overall rock orientation index j0. 
 

Blast  Analysis  Mean  Std  

B1 PhOp1 0.64 0.24 

PhOp2 0.58 0.25 

TvOp1 0.55 0.27 

B2 PhOp1 0.69 0.24 

PhOp2 0.62 0.23 

TvOp1 0.62 0.22 

 

angle of 35˚ considered to cluster the joints, and 

the mean and standard deviation of the distances 

are 17.9˚ and 7˚, respectively. 

     The normal direction of the rock face in both 

blasts is shown with a mid-toned diamond in   

Figure 2 to assess Lilly’s orientation index j0 that 

shows the relative difficulty degree of the blast to 

break the toe. Sanchidrián & Ouchterlony (2017) 

have normalized this index so that it is 0.25 for 

horizontal discontinuities, 0.5 for dipping out of 

the face, 0.75 for sub-vertical discontinuities   

striking normal to the face and 1 for dipping into 

the face or no visible jointing. No value is          

assigned to j0 for discontinuities, like the SW set 

(see Figure 2), that are nearly parallel to the face; 

since this situation involves a poor performance  

of the explosive, the highest rating (j0=1) is      

considered. 

     One approach to assess the orientation index is 

to consider only the discontinuity set that favours 

fragmentations and leads, then, to a smaller j0. 

This is the case of the subhorizontal joints       

identified by all three analyses in both blasts and 

therefore no differences in j0 can be attributed to 

the measuring and analysis conditions. As an      

alternative, all the discontinuities can be           

considered to calculate j0 (Soft-Blast 2006).     

Orientations of the normal directions of all        

discontinuities and of the face are the inputs and 

the process consists of: i) assigning an orientation 

index j0i to each i –discontinuity according to an 

algorithm with four conditions (Bernardini 2019, 

Yi et al. 2018); and ii) calculating the mean of the 

j0i values. The resulting mean j0 values for each 

blast and analysis are shown in Table 3. 

     Since subvertical joints detected in El Aljibe 

hamper toe breakage, the resulting j0 values are 

greater than when only the horizontal set is      

considered. The j0 values for blast B1 range from 

0.55 to 0.64, while they are higher for blast B2, 

0.62 to 0.69. The variability (or standard            

deviation) of j0 values within each blast and    

analysis set is nearly constant, about 0.25 and the 

uncertainty between different analysis types,     

expressed as the ratio of the standard deviation to 

the mean of the j0, is limited in both blasts to   

about 6 %. 

5.2   Spacing analysis 

 

The spacing between discontinuities in             

photogrammetry analyses (PhOp1 and PhOp2) is 

obtained from three horizontal scanlines defined in 

the 3D model in which the mapped discontinuities 

were imported; the scanlines cover the whole free 

face and divide the bench height into four equal 

parts. The use of vertical scanlines was discarded 

since they were crossed by few discontinuities, 

mainly the subhorizontal ones. 

     For televiewer data, the spacing between      

discontinuities is calculated from the distance    

between the centre of the adjacent discontinuities 
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Figure 3. Empirical cumulative distributions of 

discontinuity spacing. 
 

Table 4. Spacing between discontinuities (in m) at 

different percentiles. 
 

Blast Analysis s20 s50 s80 smax 

B1 PhOp1 0.37 0.91 1.62 1.30 

PhOp2 0.33 0.83 1.88 2.01 

TvOp1 0.13 0.28 0.57 0.38 

B2 PhOp1 0.48 1.13 2.45 2.00 

PhOp2 0.47 0.94 1.56 0.82 

TvOp1 0.13 0.26 0.48 0.37 

 

or voids mapped in each blasthole; in this case, the 

blasthole direction and dip (36‒60° and 13‒22°, 

respectively) defines a different sampling            

direction. The cumulative distribution functions of 

the observed spacing are plotted in Figure 3; the 

same shading as used for each analysis in Figure 2 

are used here. Results from blast B1 are plotted 

with continuous lines, and dashed lines are used 

for B2. 

     In order to assess differences between the    

cumulative distributions between each pair of 

analysis types for each blast, a two-sample     

Kolmogorov-Smirnov test has been applied. It 

shows that no statistical differences can be         

assessed between analysis of photogrammetry by 

both operators (PhOp1 and PhOp2 Figure 3) in 

both blasts at a confidence level of 97%; the        

p-values are 0.67 and 0.03 for blasts B1 and B2, 

respectively. The distributions from in-hole data 

(TvOp1) and from photogrammetry (either 

PhOp1or PhOp2) are significantly different; the   

p-values are well below 10-3. 

     These results suggest a limited effect of the  

operator in the joints spacing in comparison with 

the measuring method (photogrammetry versus 

televiewer). The latter also encompasses            

differences in the sampling direction and in the 

image scale since discontinuities from in-hole  

photographs are sampled at significantly closer 

distances than photogrammetry, and it is then 

more probable to sample more discontinuities per 

meter with optical televiewer. In fact, distributions 

from televiewer analysis (in Figure 3) are shifted 

towards smaller spacing than distributions from 

photogrammetry in both blasts. The median joints 

spacing sj50 of televiewer analyses in both blasts is 

near 0.3 m (see sj50 in Table 4) which is a moderate 

spacing (0.2‒0.6 m; ISRM, 1978), while the   

spacing from photogrammetry trebles these values, 

and the spacing can be ranked qualitatively as 

wide (0.6‒2 m) (ISRM 1978). Table 4 provides the 

spacing at percentiles 30, 80 and 100 (sjmax). 

 

6 DISCUSSION 

 

The mean orientation index (j0) and the median 

spacing between discontinuities (sj50) shown in 

Tables 3 and 4, respectively, are used to assess the 

blastability index or joint factor JF defined in the 

xp-frag model. This is given as function of the 

percentile P as follows: 
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     where B is the burden and as and a0 are model 

parameters that depend on the percentile P  

through functional forms defined for percentiles 5 

to 100; these formulae are not given here for   

simplicity but they can be found in the original  

paper by Sanchidrián and Ouchterlony (2017). 

     Figure 4 shows the joint factor JF as function of 

the percentile for each analysis type and blast; the 

nominal burden of the blasts studied is used,  

B=2.6 m. 

     The term Js in Equation (3) is equal to Sj50/B for 

all the data sets since Sj50/B is smaller than as      

for all percentiles. The differences in the rock   

factor between each analysis type increase as the 

percentile does. The effect of the operator      

(comparison of PhOp1, and PhOP2) is minor and 

Op2 leads to a slightly lower rock factors in both 
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Figure 4. Joint Factor (JF) versus percentage 
passing. 

 

Table 5. Relative difference in the rock factor JF 
between each pair of analysis. 

 

Blast Analysis Percentile 

20 50 80 100 

B1 PhOp1 / 

PhOp2 

1.10 1.10 1.10 1.10 

PhOp1 / 

TvOp1 

1.52 1.84 2.04 2.13 

PhOp2 / 

TvOp1 

1.38 1.68 1.85 1.94 

B2 PhOp1 / 

PhOp2 

1.15 1.17 1.17 1.18 

PhOp1 / 

TvOp1 

1.59 2.03 2.32 2.45 

PhOp2 / 

TvOp1 

1.38 1.75 1.97 2.08 

 

blasts. The effect of the measuring tool is much 

larger, and smaller rock factors at each percentile 

are obtained from televiewer data in both blasts 

(see curves for TvOp1); the significantly different 

spacing between discontinuities obtained from this 

analysis (see TvOp1 curves in Figure 3) is likely 

behind this result. 

     If the blast characteristics are assumed        

constant, the ratio between the joint factors for  

different analyses describe relative differences in 

the resulting fragmentation. These ratios are 

shown in Table 5 for percentiles 20, 50, 80 and 

100. Rock size distributions predicted with       

photogrammetry data from two operators 

(PhOp1/PhOp2) show a moderate relative          

difference of about ±15% in both blasts. Such   

difference is significantly higher when different 

methods are considered (PhOp1/TvOp1 and 

PhOp2/TvOp1), and fragmentation predicted using 

photogrammetry is, depending on the                 

percentile, 1.38 to 2.45 higher than that from 

televiewer. 
 

7 CONCLUSIONS 
 

The intersections of discontinuities with the rock 

face and with eight blastholes were monitored  

with photogrammetry and optical televiewer,      

respectively, in two blasts at a mylonite quarry. 

Discontinuities in the 3D photogrammetry model 

have been mapped manually by two operators, 

while those in the 2D in-hole photographs were 

mapped by one operator. The main geotechnical 

characteristics, orientation of discontinuities and 

spacing between them have been obtained from 

each of these three analyses. 

     For each analysis, the resulting number and  

orientation of discontinuities is different,            

involving differences in the resulting sets of      

discontinuities from cluster analyses. Only one set 

of discontinuities, that is nearly horizontal, has 

been detected in both blasts by all analyses. The 

number and orientation of the other sets of         

discontinuities that are nearly vertical, vary for  

different analyses. Large differences are found   

between photogrammetry and optical televiewer, 

leading to three and five discontinuity sets,         

respectively, in both blasts. 

     A procedure to calculate Lilly’s orientation   

index based on the orientation of all                  

discontinuities without the need of clustering has 

been developed. Variability in the resulting index 

between analyses is limited in both blasts, about 

6% of the mean. 

     In photogrammetric models, the spacing        

between discontinuities has been assessed from 

three horizontal scanlines of about 25 m, covering 

the complete free face. For televiewer data, the 

blasthole defines the scanline along which the  

discontinuity spacing has been assessed. The effect 

of the operator in the results from photogrammetry 

does not produce significant differences in the 

spacing distributions. On the contrary, these are 
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significantly different between measurements on 

the bench face with photogrammetry and the 

blastholes with televiewer; the resulting median 

spacings are about 0.9 and 0.3 m, respectively, in 

both blasts. 

     The effect of the operator on the blastability  

index, or joints factor, of the xp-frag model is   

minor compared to the variability of the different 

tools. If blast characteristics are assumed constant, 

the relative difference in the predicted            

fragmentation when the rock factor is built from 

photogrammetry data from two operators is    

about ±15%. Fragmentation predicted from      

photogrammetry based joint factor is 1.38 to 2.45 

(depending on the percentile) coarser than        

considering the televiewer based factor. Results 

from all the blasts monitored during the project are 

under analysis to improve the quantitative         

significance of the results. 
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1 INTRODUCTION 

 

Optimisation of mine to mill is a systematic    

strategy to reduce energy and cost in mining and 

processing. This method tries to minimise        

consumed energy in all stages of optimisation of 

the size reduction process (Adel et al. 2006). Mine 

to mill or M2M is actually a holistic operation 

strategy to optimise mining and processing        

operations. This method tries to minimise        

consumed energy by particle size reduction      

processes. 

     The mine-to-mill strategy is a multidisciplinary 

combination and requires input from different   

disciplines such as geological unit, planning unit, 

drilling unit and blasting unit, production unit, and 

crusher and mill units (Silva et al. 2015). Blast is 

one of the main operations in any mining process. 

Generally, it accounts for between 30% and 40% 

of the mining costs, as well as having a direct     

effect on part of the cost-effectiveness operation 

and related activities such as loading, transport, 

safety, crusher and milling downstream activities 

(Ndibalema 2008). 

Mine to mill optimisation in Sarcheshmeh copper mine,  
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ABSTRACT: Mine to mill optimisation will lead to a systematic reduction of production costs in an open 

mine. In this paper, mine to mill optimisation has been designed and implemented in the Sarcheshmeh 

copper mine. At first, databases have been provided. Then, specific drilling, specific charge and specific 

loading indices have been calculated and measured. With the help of statistical analysis, the relation      

between proper fragmentation of the blast and performance and efficiency of other production systems 

was studied. Among the parameters under study, the specific charge and the hole diameter have a very 

high correlation coefficient with  and , so that in most of the proposed models, the correlation   

coefficient was higher than 0.9. The loading and crusher sector has a significant relation with over    

fragmented percentage that is due to the potential of the fine production caused by blast operation. The 

optimisation of the effective parameters on fragmentation was studied by design of experiments (DOE) 

method, where the specific charge was ranked first in terms of importance. 
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Table 1. Mine to mill optimisation studies (optimisation domain). 
 

Row Researchers Drilling 
 

Blasting 
Mechanical 

crushing Loading Haulage Crushing Milling 

1 Valery, W. et al. 2019 ✓  ✓ ✓    ✓ 

2 Kanchibotla, S.S. et al. 2018 ✓  ✓ ✓   ✓ ✓ 

3 Nageshwaraniyer, S.S. et al. 2018   ✓ ✓   ✓ ✓ 

4 Klein, B. et al. 2018    ✓   ✓ ✓ 

5 Johnson, C. 2018 ✓  ✓ ✓     

6 Beyglou, A. et al. 2017   ✓  ✓ ✓ ✓  

7 Zhang, Z. 2017 ✓  ✓ ✓   ✓ ✓ 

8 Jug, J. et al. 2017 ✓  ✓    ✓  

9 Esen, S. 2017 ✓  ✓ ✓   ✓ ✓ 

10 Khademian, A., Bagherpour, R. 2017   ✓ ✓     

11 Awuah-Offei, K. 2016     ✓ ✓   

12 Valery, W. et al. 2016 ✓  ✓ ✓    ✓ 

13 Ebrahimi, E. et al. 2016 ✓  ✓  ✓  ✓  

14 Carrasco, C. et al. 2016   ✓ ✓   ✓ ✓ 

15 Kanchibotla, S.S. et al. 2015 ✓  ✓ ✓   ✓ ✓ 

16 Silva, A.C. et al. 2015 ✓  ✓ ✓   ✓ ✓ 

17 Rosa, D.L. et al. 2015 ✓  ✓ ✓   ✓ ✓ 

18 Murr, D. et al. 2015 ✓  ✓ ✓   ✓ ✓ 

19 Ballantyne, G.R. et al. 2015   ✓ ✓   ✓ ✓ 

20 Perälä, A. et al. 2015     ✓ ✓ ✓ ✓ 

21 Eloranta, J. 2014 ✓  ✓ ✓    ✓ 

22 Nadolski, S. et al. 2014    ✓   ✓ ✓ 

23 Eloranta, J. 2013 ✓  ✓     ✓ 

24 Taji, M. et al. 2013 ✓  ✓  ✓    

25 Choudhary, B.S. 2013   ✓ ✓ ✓ ✓   

26 Beyglou, A.H. 2012 ✓  ✓ ✓ ✓ ✓ ✓ ✓ 

27 Rybinski, E. et al. 2011 ✓  ✓ ✓   ✓ ✓ 

28 Mwansa, S. et al. 2010 ✓  ✓ ✓   ✓ ✓ 

29 Hikita, D.H. 2008 ✓  ✓    ✓ ✓ 

30 Ndibalema, A. 2008 ✓  ✓  ✓ ✓ ✓ ✓ 

31 Esen, S. et al. 2007]   ✓ ✓   ✓ ✓ 

32 Dance, A. et al. 2007   ✓ ✓   ✓ ✓ 

33 Bye, A. 2006 ✓  ✓  ✓   ✓ 

34 Adel, G. et al. 2006 ✓  ✓ ✓   ✓ ✓ 

35 Kose, H. et al. 2005   ✓ ✓ ✓ ✓   

36 Palangio, T.W. et al. 2005   ✓  ✓ ✓ ✓  

37 Eloranta, J. 2003 ✓      ✓ ✓ 

38 Kanchibotla, S.S. 2003 ✓  ✓    ✓ ✓ 

39 Workman, L. & Eloranta, J. 2003   ✓ ✓   ✓ ✓ 

40 Scott, A. et al. 2002 ✓  ✓ ✓ ✓ ✓ ✓ ✓ 

41 Valery, W. & Jankovic, A. 2002 ✓  ✓ ✓   ✓ ✓ 

42 Grundstrom, C. et al. 2001 ✓  ✓ ✓   ✓ ✓ 

43 Paley, N. & Kojovic, T. 2001 ✓  ✓    ✓ ✓ 

44 Eloranta, J. 2001   ✓    ✓ ✓ 

45 Strohmayr, S. & Valery, W. 2001 ✓  ✓ ✓   ✓ ✓ 

46 Valery, W. et al. 2001   ✓ ✓   ✓ ✓ 

47 Herbst, J.A. & Blust, S.L. 2000   ✓    ✓ ✓ 

48 Eloranta, J. 1999 ✓  ✓  ✓ ✓ ✓ ✓ 

49 Kanchibotla, S.S. et al. 1999 ✓  ✓ ✓   ✓ ✓ 

50 Kanchibotla, S.S. et al. 1998   ✓ ✓   ✓ ✓ 

 

   



 

 

- 171 - 

Figure 1. Flowchart of research methodology. 

    In studies conducted, an effective relationship 

has been found between the use of explosive    

consumption and the grindability of ores. The    

energy from blasting energy and its distribution 

has shown that fragmentation in the primary 

crusher is highly influential, which has led           

researchers to work hard to understand the     

mechanisms involved in this process (Murr et al. 

2015). Blast fragmentation is one of the most    

important blast results and outputs. The effect of 

fragmentation, has been proven on the next stages 

of the production cycle of loading, transport, and 

processes in the downstream process such as 

crushing and milling. A good fragmentation not 

only improves production efficiency but also     

reduces overall mining operation costs           

(Kanchibotla 2003). In general, the main purpose 

of a blasting operation is to achieve the          

fragmentation caused by the optimal blast and   

optimal fragmented muck pile shape for efficient 

loading and transportation. It has also been proven 

that an optimum blasting operation has had a    

positive and significant effect overall on the  

economy of mining operations. To this end, a   

precise and systematic implementation of the mine 

to mill concept will be required (Jankovic &    

Valery 2002). 

     Many optimisations have been made in         

different mining and processing units with the 

view of optimizing mine to mill over the past two 

decades in mines around the world. Table 1         

illustrates some of these examples with their      

application in different parts of the operation and 

downstream processes, and their relationship with 

mine to mill optimisation. In most cases, the effect 

of the blasting operation in mine to mill projects 

has been pointed and emphasised as a key factor. 

 

2 METHODOLOGY 

 

The statistical analysis methodology is to optimise 

database consists of several categories of data.  

Data related to drilling holes and bench height, 

blasting and drilling conditions, specific charging, 

specific loading, and specific crushing. The   

measurements from the mining site, combined 

with the size of the fragmented stone fractions    

resulting from the desired blast ( ) and ( ), 

has been combined into six blasting blocks to 

model the production process. Figure 1 shows the 

methodology of the research. 

     This data has been used to develop site-specific 

models for fragmentation from blast, loading and 

primary    crushing.    This    methodology   allows        
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Table 2. Description of collected parameters to  

create database. 
 

Parameter (unit) Symbol 

Diameter (inch)  D 

Hole length (m) H 

Burden (m) B 

Spacing (m) S 

Volume of blast block (   

Specific drilling (   

Specific charge (   

50% input dimensions (cm)  

80% input dimensions (cm)  

Tonnage of loading per hour (ton/h)  

Specific loading (h/m3)  

Specific crushing   

 

 
 

 

customised blast patterns that can optimise and  

extend the loading and primary crusher. The    

purpose of this methodology is to minimise the 

overall cost of the whole process, reduce energy 

consumption, and ensure that the changes created 

will always have a positive effect on the entire 

mining operation. This methodology also allowed 

the mine to increase its production significantly. 

     In this study, the blast team has modified the 

blast parameters and evaluated the effects of these 

changes by computer application and site      

measurements in-situ. Implementation of this 

study began with Sarcheshmeh mine by collecting 

six blast blocks used in blasting operation. 

     Blast patterns include specifications for drilling 

holes (spacing, burden, hole diameter, hole 

height). bench height, blasting block size, specific 

drilling, specific charge, specific loading and   

specific crusher have also been included in these 

patterns. 

 

3    CASE STUDY - SARCHESHMEH COPPER  

      MINE 
 

The Sarcheshmeh porphyry copper deposit is the 

biggest copper mine in Iran and one of the       

largest Oligo-Miocene deposits in the world.    

Sarcheshmeh mine is situated in south of Iran at 

30° N, 56° E and about 160 km southwest of  

Kerman city. This mine is located in a semi-arid 

climate with a mean annual precipitation of 440 

mm (Khorasanipour et al. 2012) and the reserve of 

this mine is 1763 milliard tons with cut-off grade 

of 0.25% and average grade of 0.60%. The height 

of benches of Sarcheshmeh copper mine is 12.5 m 

and the width of benches is 8.75 m. A wide bench 

with the width of 23.75 m is periodically placed 

for each of the four benches. Final slope of the 

wall of mine is currently equal to 34 to 36°. Also, 

the width of mine roads is considered as 30 m and 

its slope as 8% (Sarcheshmeh 1 2015). 

 

3.1 Database description and data collection 

 

To investigate the mine to mill in Sarcheshmeh 

copper mine, drilling unit database, blast unit, 

loading unit, and crusher unit was created as      

below. Tables 4 and 6, illustrate the database     

required for six blasting blocks. 

 

3.1.1   Drilling unit 

 

Production holes are drilled with a diameter of 6, 

9, 9.5, and 10 inches. Paying attention to ore and 

waste of the drilling pattern of 5 × 6, 5 × 6.5, 6 × 

7, 7 × 8, 7 × 8.5, 7 × 9, 7.5 ×9, 7×9.5, 7.5 ×10 m 

are designed and implemented. Sub-drilling is 2.5 

m and the mean length of 14.5-15 m holes      

(Sarcheshmeh 2 2015). 

 

3.1.2   Blast unit 

 

Nonel and detonating cord are applied for            

initiation system and Pentolite booster and 

Emuline depending on hole diameter used as 

booster. In dry mining conditions, ANFO or a 

combination of ANFO with emuline are used and 

in wet conditions Emulan is the main charge    

(Sarcheshmeh 2 2015). The largest and smallest 

volume of blasting blocks is taken 105525.29 and 

7875.02 cubic metres respectively. Moreover, the 

average blasting blocks volume has been equal to 

47132.87 cubic metres. To investigate blast   

fragmentation, image analysis method was used to 

obtain the passing distribution curve of blasting 

patterns. In this study, Split Desktop software was 

used to measure fragmentation in Sarcheshmeh 

copper mine. 

     The fragmentation efficiency index was       

calculated according to Equation 1 (Taji 2014): 
 

                                 (1) 
 

     In which: FE Fragmentation efficiency          

index (%), F: Fine fragmentation (%), B:         

boulder (%). 

     Based on this index, fragmentation rate is      

divided into six categories, which can be obtained 
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Figure 2. The location Sarcheshmeh copper mine (S-E of Iran) (Seifpanahi-Shabani et al. 2014). 

 

Table 3. The degree of fragmentation (Taji 2012). 
 

Class I II III IV V VI 

Efficiency (%) 95< 85-95 75-85 65-75 50-65 50> 

Qualitative Excellent Very good Good Moderate Unsuitable Very poor 

 

 
 

 
to determine the fragmentation quality of each 

blasting block by Table 3. To determine the fine 

fragmentation as well as the boulder, there are 

several methods. The most common ones, by   

considering the sizes of the inlet opening and the 

primary crusher jaw, calculate the appropriate size 

in which boulder 80% of the inlet opening of   

primary crusher and also fine fragmentation is 

considered to be a one-fifteenth boulder size (Taji 

2014). 

    In the Ore, the size of the inlet opening of    

Sarcheshmeh copper mine crusher mill is 1524 

mm and the jaw is 203 mm. In this case, the lower 

limit of coarse aggregate should be 122             

centimetres and the upper limit of the fine      

fragmentation is considered as 8 centimetres. In 

the Sarcheshmeh copper mine, in addition to cable 

shovel and hydraulic, mechanical shovels also   

perform the loading operation. Since this machine 

does not have the ability to load boulders, and also 
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Table 4. Fragmentation efficiency blasting recorded in the blast block. 
 

Blast Rock type   
 Fine fragmentation (%) Boulder (%) Efficiency (%) 

1 Dike +AN 4.68 8.59  70 0 79 

2 AN 2.60 6.2  82.5 0 75.25 

3 SP+ Dike +BD 6.55 11.85  53 0 84.10 

4 SP+ Dike 1.64 25.73  35 11 78.5 

5 SP+ Dike 10.39 24.49  35 0 89.50 

6 LF+ Dike 6.72 14.13  50 0 85 

 

S.c.Porgh: Sarcheshmeh Porphyry, AN: Andesite, L.F.Porph: Late Fine Porphyry, QS: Quartz Sericite, Bio:     
Biotite, SQ: Sericiti Quartz. 

 
 

 
Table 5. Collected database relating to drilling, blasting, loading and crushing units. 
 

Blast 

NO. 
B S D    

   Fe F 

(m) (m) (Inch)   (Cm) (Cm)   % % 

1 7 9.5 9.5 0.018 0.322 4.68 8.59 0.005 0.167 79.00 70.00 

2 7 9.0 6.0 0.037 0.256 2.60 6.20 0.002 0.167 75.25 82.50 

3 7 9.0 10.0 0.019 0.369 6.55 11.85 0.003 0.178 84.10 53.00 

4 5 6.0 6.0 0.024 0.381 10.46 25.73 0.006 0.178 78.50 35.00 

5 7 9.0 9.5 0.019 0.436 10.39 24.49 0.005 0.178 89.50 35.00 

6 7 9.0 9.5 0.019 0.329 6.72 14.13 0.002 0.178 85.00 50.00 

 

for the being operation of the project, the lower 

limit of boulder is considered as 100 cm. Table 4 

illustrates the size of the aggregate characteristic 

and the fragmentation efficiency of six blasting 

blocks of the ore. It can be concluded that 70% of 

blasting blocks of this mine are in good condition 

in terms of fragmentation. With an average of 

these blasting patterns, the fragmentation            

efficiency was calculated as 81.89%. 

     In addition, , in comparison with  , 

shows better performance and fragmentation       

efficiency so the correlation coefficient of       

fragmentation efficiency obtained with  and 

 is respectively 0.675 and 0.595 (Nikkhah 

2015). 

3.1.3.   LOADING UNIT:  

 

loading and transport operation by two shovel by 

15 cubic metres, four shovel by 12 cubic metres, 

six shovel 5.7 cubic metres, 8 trucks with 220 

tons, 60 trucks with 136 tons, 40 trucks with 100 

tons and also 35 and 60 ton trucks (Sarcheshmeh 2 
2015). Specific loading with the symbol ( ),  

specific loading of the jth blasting block (hours per 

cubic metre), which is calculated by dividing the 

total time available for loading machineries of jth 

blasting block (per hour) to the total volume of the 

j-th blasting block (cubic metre) (Taji 2012). 
 

3.1.4.   CRUSHER UNIT:  
 

Rock fragmentation in the first stage is carried out 

by a primary crusher of the Gyratory 1524-2260 

mm (Sarcheshmeh 2 2015). Specific crusher with 

symbol ( ), Specific crusher of jth blasting block 

( ), is calculated by dividing the total      

energy consumption of j-th blasting block (per kw) 

on total tonnage of entering rock to crusher j-th 

blasting block (per cubic metre) (Nikkhah & Taji 
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Table 6. Statistical data descriptions. 
 

Parameter N Mean Std. Deviation Minimum Maximum 

B (m) 6 6.67 0.816 5 7 

S (m) 6 8.583 1.2813 6.0 9.5 

D (inch) 6 8.417 1.8819 6.0 10.0 

H (m) 6 15.00 0.000 15 15 

 6 12.500 0.0000 12.5 12.5 

  6 0.02267 0.007339 0.018 0.037 

 6 0.34883 0.061271 0.256 0.436 

 6 6.9000 3.11214 2.60 10.46 

 6 15.1650 8.17603 6.20 25.73 

 6 0.00383 0.001722 0.002 0.006 

  6 0.17433 0.005680 0.167 0.178 

Fe 6 81.8917 5.22307 75.25 89.50 

F 6 54.2500 19.00987 35.00 82.50 
 

Table 7. Regression relation of  with drilling and blasting unit. 
 

Predict model R R2 Durbin-

Watson 

1 
 0.981 0.962 1.04 

2 
 0.849 0.721 2.166 

3 
 0.875 0.766 2.508 

4 
 0.963 0.927 1.906 

5 
 0.838 0.703 2.449 

6 
 0.967 0.934 1.068 

7 
 0.801 0.642 2.090 

8 
 0.959 0.920 1.392 

9 
 0.970 0.941 0.946 

 

62018). The specific fixed gravity and specific 

gravity of fragmented rock resulting from the 

blasting operation is 2.57 and 1.8 tons per cubic 

metre, respectively. 

 

4     DATA ANALYSIS 

 

SPSS Statistics version 22, a statistical application 

and data management by Windows, was used for 

the statistical analysis. By examining the           

dependent and independent variables, the            

relationship between each is obtained and the   

process of changes can be learned. 

     A statistical analysis was conducted using   

multi-parametric linear curve fittings on the data 

presented in Tables 4 and 6. Here the goal of the 

multi-parametric linear curve fitting method was 

to determine the priority of the effective             

parameters mine to mill optimisation. 

     The Durbin-Watson test has been used to   

compare the predictive accuracy of linear           

regression. In the Durbin-Watson test, the          

obtained value is between 0-4 (Mirzadeh 2010). 

The predicted model is acceptable. Different linear 
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Table 8. Regression relation of mining and drilling and blasting units. 
 

 Predict model R R2 Durbin-

Watson 

Loading unit 1 
 0.889 0.791 2.444 

Crushing 

unit 

1 
 0.977 0.955 1.550 

2 
 0.951 0.904 1.885 

 

models have been tested and the model has the 

highest coefficient and the simplest one has been 

chosen as the best equation. 

 

4.1 Relationship between  with 

drilling and blasting unit 
 

In regression analysis, among the studied            

parameters, specific drilling, specific charge, hole 

distances and hole diameter have been effective on 

 , and in the study of , it was found that the 

specific charge and hole diameter have the most 

effect. Nevertheless, correlation coefficient of the 

proposed models expresses that specific charge 

and diameter of the hole are more significant  

compared to specific drilling (Table 7). 

 

4.2 Relationship between mining units with   

drilling and blasting units 
 

Linear regression was used in order to predict and 

determine the effective parameter on the loading 

and crushing unit. Among input parameters,  

affects the specific loading, and due to the high 

potential of fine fragmentation producing,  and 

specific loading was significantly related to the 

model,  effects more on specific crushing. 

 

5 MINE TO MILL OPTIMISATION USING 

DESIGN OF EXPERIMENTS (DOE) 

METHOD 
 

In the mineral industry and in the factories, tests 

are daily carried out to increase the knowledge and 

identification of the various processes in them. 

Understanding the process behaviour, amount of 

variability and its effect on the process is essential 

for continuous improvement of the quality of the 

product. There is a need for practical testing to 

find the right answer to numerous questions in 

business, industry, research. Designing some tests 

on the way of tests is used as a powerful technique 

to achieve this goal. 

     The first matter is the design of the test and its 

correct model, and the second is analysis and    

statistical analysis. These two issues are closely  

related; because the analysis method depends on 

the applied design and is used to reduce the        

oscillation during the test (Sadeghi-Avalshahr et 

al. 2012). The design process of the tests is as   

follows (Sadeghi-Avalshahr et al. 2012): 
 

− Selection of signal factors and noise factors 

along with corresponding levels. The signal 

factors are in fact the input parameters of the 

problem that change during the tests in order 

to achieve optimal condition, in terms of     

selective levels and the matrix of tests. Noise 

factors also refer to all factors that make 

changes, but are assumed constants during 

tests. 

− Calculation of the loss function to determine 

the variation between the test results and the 

desired values of this function according to 

the problem conditions, which is computed 

with the help of formulas 2 to 5. 
 

     First mode: The smaller value represents the 

optimal mode:  
 

                                                     (2) 

 

     Second mode: The larger value represents the 

optimal mode : 
 

                                                      (3) 

 

     Third mode: Nominal size is desirable: 
 

                                                       (4) 

 

     Where n is the number of repetitions and  

denote measured outputs, and  is the               

desirable nominal size. 
 

− Calculation of signal-to-noise ratios for each 

of the following equation : 
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Figure 3. Algorithm for optimisation of dependent parameters through test designing. 

Table 9. Input parameters and corresponding levels. 
 

Level Input parameter 

S (m) D (inch)  

1 8.5 9 0.256 

2 9 9.5 0.329 

3 9.5 10 0.381 

 

 
 

 

                                           (5) 
 

− Calculation of the signal-to-noise ratio for 

each level of the parameters. In the Taguchi 

method, the levels of the parameters that have 

the highest signal-to-noise ratios (regardless 

of the type of loss function) are presented as 

optimal levels 
 

− Determination of the significance of each of 

the parameters using the ANOVA 
 

− Data analysis and prediction of output in    

optimal mode 

 

5.1   Optimisation  

 

By analysing the statistics, it was determined 

from the case study database of specific charge, 

spacing and hole diameter are effective            

parameters. In order to predict optimal mode of 

 with the aim of implementing the mine to 

mill approach, first, the input parameters        

corresponding levels was formed (Table 9). In 

classification, sometimes it is necessary to     

eliminate a level. The level that its frequency for 

parameter is less, must be removed. Then, select 

the appropriate orthogonal array in the next step. 

     The number of required degrees of freedom 

must be calculated to select the appropriate         

orthogonal array. For this purpose, first, the degree 

of freedom was calculated using Equations 6 and 

7, then, according to the degree of freedom, the 

minimum number of tests was calculated from 

equation (Sadeghi-Avalshahr et al. 2012).         

According to Table 10, this includes three levels 

with three input parameters. Using the Equation 8, 

at least 27 tests were designed, then the response 

function variable was obtained for each level of 

the total input parameters using SPSS model 1 

(Table 10). 
 

 

For each factor = (number of levels - 1)             (6) 
 

For each factor = (number of levels - 1)  

* (number of levels - 1)                                      (7) 
 

Minimum number of tests = Total amount of   

freedom of factors +Total degrees of freedom of 

interactions+ degree of freedom for the total      

average                                                               (8) 
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Figure 4. Signal-to-noise ratios for different parameter levels. 

 

Table 10. Designing of input parameters tests. 
 

Test 
number 

Parameters Response 
variable 

S (m) D (inch)   

1 8.5 9 0.256 3.177436 
2 8.5 9 0.256 3.177436 

3 8.5 9 0.256 3.177436 

4 8.5 9.5 0.329 6.182199 
5 8.5 9.5 0.329 6.182199 

6 8.5 9.5 0.329 6.182199 
7 8.5 10 0.381 8.325311 

8 8.5 10 0.381 8.325311 

9 8.5 10 0.381 8.325311 
10 9 9 0.329 5.720199 

11 9 9 0.329 5.720199 

12 9 9 0.329 5.720199 

13 9 9.5 0.381 7.863311 

14 9 9.5 0.381 7.863311 
15 9 9.5 0.381 7.863311 

16 9 10 0.256 2.743936 
17 9 10 0.256 2.743936 

18 9 10 0.256 2.743936 

19 9.5 9 0.381 7.401311 
20 9.5 9 0.381 7.401311 

21 9.5 9 0.381 7.401311 
22 9.5 9.5 0.256 2.281936 

23 9.5 9.5 0.256 2.281936 

24 9.5 9.5 0.256 2.281936 
25 9.5 10 0.329 5.286699 

26 9.5 10 0.329 5.286699 
27 9.5 10 0.329 5.286699 

 

 
 

 

Table 11. Response table for signal to noise ratios, 

where smaller is better. 
 

Parameter 

Level S (m) D (m)  

1 -14.757 -14.192 -8.658 

2 -13.943 -13.634 -15.145 

3 -13.005 -13.880 -17.902 

Delta 1.752 0.558 9.244 

Rank 2 3 1 

 

 
 

 

 

     The statistical analysis of variance was used 

to find out the relative importance of the          

parameters on each of the outputs, (Equations 9 

& 10) (Park 1995). 
 

                                                            (9) 

 

                      (10) 

 

     Where is the sum of squares of each           

parameter,  is the mean of the sum of squares 

for each parameter,  is the degrees of       

freedom of factors, and  is the sum of the      

total squares. 
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Table 12. Analysis of variance for SN ratios. 
 

Source DF Seq SS Adj SS Adj MS F P 

S (m) 2 4.613 4.613 2.3063 8.95 0.101 

D (inch) 2 0.470 0.470 0.2349 0.91 0.523 

 2 135.124 135.124 67.5621 262.07 0.004 

Residual Error 2 0.516 0.516 0.2578   

Total 8 140.722     

 

Table 13. Input parameters corresponding levels. 
 

Level Input parameter  

S (m) D (inch)   

1 8.5 9 0.018 0.256 

2 9 9.5 0.019 0.329 

3 9.5 10 0.024 0.381 

 

 
 

 

 

9.59.08.5

10

0

-10

-20

10.09.59.0

0.0240.0190.018

10

0

-10

-20

0.3810.3290.256

S

M
e

a
n

 o
f 

S
N

 r
a

ti
o

s

D

Sd Sc

Main Effects Plot for SN ratios
Data Means

Signal-to-noise: Smaller is better
 

Figure 5. Signal-to-noise ratios for different levels of parameters. 

 

     As Table 11 illustrates, the specific charge    

parameter takes the first place among the input  

parameters and the rest of the parameters have 

subordinate effect on . This was calculated by 

performing a variance analysis the results have 

been presented in Table 12. The value of P should 

be at a significance level of less than 0.005%. This 

does not mean that these parameters are, like the 

specific charge, at the same level in terms of     

importance to , but also in this situation, the 

value of F is base of the variance results. A        

parameter with a larger F value will be regarded as 

an effective parameter in operational conditions. 

Here it is also apparent that the F value of specific 

charge is greater than the value of F of other      

parameters, which is the confirmation of previous 

calculations . 

 

5.2    Optimisation  
 

The corresponding levels, were provided to        

optimise the , using the parameters of spacing, 

diameter of the hole, specific drilling and specific 

charge, (Table 13). Then, the required number of 

degrees of freedom was first calculated to select 

the orthogonal array, next the response function 

variable was calculated using the model 9            

of Table 8 for each level of the total input           

parameters. 
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Table 14. Response table for signal to noise ratios, 
where smaller is better. 
 

Parameter 

Level S (m) D (m)   

1 -18.321 -19.188 -18.730 8.414 

2 -5.387 -5.534 -12.610 -20.200 

3 -12.358 -11.343 -4.725 -24.280 

Delta 12.934 13.654 14.005 32.694 

Rank 4 3 2 1 

 

 
 

 

     As shown in Table 14, the specific charge     

parameter takes the first place among the input  

parameters, and other parameters hold subordinate 

places, indicating that the consumed energy     

(explosives) plays a significant role in the crushing 

process. 

 

6 CONCLUSION 
 

In this research, mine to mill optimisation was 

studied. The purpose of this study is to rank the 

parameters affecting the fragmentation of the mine 

to mill . For this purpose, key and effective         

parameters of the units of drilling, blast, loading 

and crushing were compiled. Then, using           

statistical analysis, significance level and the       

effective parameters on fragmentation of blasting 

operation were studied. In regression analysis and 

among the studied parameters, parameters of     

specific drilling, specific charge, hole spacing and 

hole diameter were effective on  , and in the 

study of , it was found that the specific charge 

and diameter of the hole are the most effective, but 

the correlation coefficient of the proposed models 

Indicates that specific charge and hole diameter  

are more significant than specific drilling. Also, 

the high correlation coefficient of the proposed 

models indicates a significant relation between the 

specific charge and fragmentation caused by the 

blast. Subsequently, with the design of classifying 

tests, the ranking of the effective parameters of the 

mine to mill was studied, which has had a          

significant impact on the specific charge. This    

result itself indicates that the energy consumed by 

explosives plays a significant role in the crushing 

process. 
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1 A WIRELESS FUTURE 

 

Since the invention of safety fuse by William 

Bickford in 1831, there has been three revolutions 

in blast initiation methods – electric detonators 

(1930s), shock tube (1980s) and electronics 

(~2000). Every new initiation method                

development has increased the safety, precision 

and possibilities of initiating blasts. With 

WebGen™ 100, Orica has introduced the first true 

through earth wireless blasting system with the  

accuracy of an electronic detonator. Removing all 

lead wires, both surface and downline, opens up a 

whole range of possibilities in blasting which were 

impossible before. At the time of writing over 160 

blasts have been fired using wireless initiation, 

showing only a glimpse of what can be achieved 

and that a remarkable wireless blasting future lies 

ahead. 

 

2 WIRELESS ELECTRONIC BLASTING 

SYSTEM 

 

WebGen™ 100 provides the capability to transmit 

complex coded signals through rock to initiate pre-

programmed groups of detonators (Figure 2). Very 

low frequency magnetic induction signals (1800 

Hz) are used to arm and initiate the programmed 

initiators located in charged blastholes (EHM    

paper). The system eliminates the lead wires of 

conventional initiation systems, thereby also   
eliminating the ‘hook-up’ process at the blastholes. 

Wireless blasting in Europe 
 
J.S.C. Marijnissen 
Orica UK Ltd., Appley Bridge, Wigan, UK 

 

N.B. Pereira 
Orica Australia Limited, Kuri Kuri, Australia 

 

 

 

 

 

 

 

 

 
ABSTRACT: WebGen™ 100 is the first true wireless rock blasting system with the accuracy of an     

electronic detonator. The system uses very low frequency (1800 Hz) magnetic induction (MI) waves to 

send signals to the in-hole primer. The special site-specific group ID, Arm and Firing codes are embedded 

in the MI waves. Unless the Disposable Receiver (DRX) receives all the codes in the right sequence the 

primer will not be initiated. Introducing new technology also brings new responsibility to have an         

inherently safe blast system. This is recognised by the SIL3 certificate. Wireless primers open up new 

blasting possibilities and new mining techniques have already been developed. In September 2018 the 

first wireless blast in Europe was fired in FQM-Pyhäsalmi mine with great success. Many challenges will 

lie ahead, but wireless blasting is an enabling step towards mechanisation and automation of explosives 

charging. 
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Figure1. Development of initiation systems. 
 

Figure 2. Wireless blasting using magnetic induction (MI) waves to send arming and firing codes. 

 

     The WebGen™ system comprises the           

following components (Figure 3): 

 

− WebGen™ primer and accessories –           

including the high explosive Pentex™   

booster, i-kon™ plugin and disposable 

receiver (DRX) and encoder controller 

− Transmission System – including transmitter, 

antenna and transmitter controller 
 

− Code Management Computer (CMC) –           

including the unique global blast and arm 

codes 
 

− Communication modems (optional); modems 
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Figure 3. WebGen™ 100 firing equipment and accessories. 

 

allow use of the mines communication      

system to initiate the blast. 
 

     The i-kon™ plugin detonator plugs into the 

DRX, energizing the device and initiating a self-

test. After passing the self-test the device can be 

encoded with the blast code and the delay timing. 

The booster is attached after encoding the device. 

At this stage the WebGen™ primer is ready to be 

placed into the blasthole. 

     The transmitter controller sends the arming  

signal to the transmitter, via the mine’s           

communication system if necessary. The        

transmitter is a magnetic induction system using a 

high current power source connected to an          

antenna. Two different types of antennas are     

currently in use. The first is a cable loop antenna 

with a diameter of 40m. This antenna has a range 

of up to 1000m. The second type of antenna is a 

quad loop antenna made out of 4 smaller loops. 

This antenna has a range of about 300m and has 

the advantage that it is highly mobile. Once the 

arming process is successful the firing window is 

presented to the blaster. 

     The Code Management Computer (CMC) is  

the data hub of the system and supplies the      

identification and firing codes as well as the mine 

specific codes. It modifies, combines and stores 

the blast design data with the encoder during the 

charging process in a step by step fashion and 

culminates in the ready to fire file for            

transmission. 

     Figure 4 shows the blast process in steps from 

design to firing. The USB stick is used to transfer 

the data between the different pieces of equipment. 

Changing after every step into a different file type 

so no interfering from other files can take place. 

 

3 NEW TECHNOLOGY, NEW 

RESPONSIBILITY 
 

Introduction of new technology comes with new 

responsibilities. The new technology needs to      

be inherently safe to be used in the field of        

application. The WebGen™ 100 system is         

designed with fundamental safety features to      

ensure that the system will not enter a dangerous 

mode before the correct firing commands are     

received. 

     WebGen™ 100 uses i-kon™ plugin detonators. 

The i-kon™ plugin is the same as the conventional 

i-kon™ detonator, but without lead wires. The    

internal safety structures in the detonator provide a 

high level of resistance to stray currents, over  

voltage, static energy and electromagnetic waves. 

     The disposable receiver is powered by a battery 

and does not contain any explosives. The DRX has 

a triaxial antenna to receive the MI signals,      

supporting any blasthole orientation             

(Ewing 2018). The DRX is encoded using optical        



 

 

- 188 - 

Figure 4. WebGen™ 100 design to firing process. 

 

communication, and once encoded it enters a   

passive period of 30 minutes where it will not and 

cannot respond to external transmissions. The 

DRX will not fire any detonator at any time unless 

the valid arming and firing commands are given 

by the transmitter and the WebGen™ user. 

     The transmitter is not energised during the 

charging process and is therefore unable to send a 

transmission. Only when full blast clearance is 

given can the transmitter be turned on. The signals 

that can activate and arm a wireless booster are 

heavily encrypted, eliminating the possibility that 

an inadvertent signal can mimic the required  

complex transmission. As an additional safety  

precaution the WebGen™ primer will revert back 

into safe mode, if the DRX does not receive the 

required 8 firing signals within a 2-minute time 

frame 

     In Figure 4 it can be seen that system goes 

through several stages of data transfer. The Code 

management Computer (CMC) will manage all 

different data, assign specific firing codes and will 

ensure that the correct blast groups are fired. The 

steps taken from design to blasts can be managed 

in such way that the data management is integrated 

with the mine systems and safety management. 

     The inherent safe feature of ‘traditional’    

blasting systems lies in the fact that enough energy 

is supplied to initiate the blast only when the 

bench is fully cleared. With WebGen™ the        

energy is present as soon as the unit is                

assembled. Therefore, it became clear in the       

early stages of development that WebGen™  

needed to be subjected to the most                     

rigorous safety standard, Safety Integrity          

Level 3, IEC – 61508. More than 250.000       

DRX units were fired in the laboratory (without 

fail) and over 2000 laboratory tests including   

fault injection protocols were done in the         

qualification process. The dangerous failure   

probability of the entire system, including          

the i-kon™ plugin has been estimated to be 1 x 10-

11, resulting in the WebGen™ 100 system being 

the first blast system globally to be granted SIL3    

certification. The WebGen™ 100 blast system     

is inherently safe, and it will be extremely unlikely 

that a detonator will be initiated even when a  

DRX is faulty. 
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Figure 5. Temporary rib pillar mining method developed by Goldcorp Musselwhite, Steve Piercy 

and WebGen™ 100. 
 

4 A GAME CHANGER IN MINING 

 

“For all the wonderful things we were able to do 

with electronic blasting we were still encumbered 

by wires”  

(Steve Piercey; ‘No wires, new ideas’ by Ewing 

(2018). 

 

This quotation very clearly highlights the last 

physical barrier in blast initiation systems.     

Without wires the possibilities for blast initiation 

are virtually unlimited. With the elimination of 

lead wires, it is possible to pre-charge a full stope 

(e.g. Sub-Level Caving mining method) and fire 

every ring when required without sending         

personnel back to the dangerous brow area to  

connect lead lines. Misfires related to damaged 

wires are eliminated and primers can be fired     

regardless of any dislocations of blasthole and/or 

charge. 

     The Ernest Henry Mine (EHM) in north     

western Australia engaged Orica in 2016 to      

perform a demonstration of sub-level caving using 

WebGen™. EHM wanted to reduce the time spent 

by personnel at the brow of the cave. With the use 

of WebGen™ they were successful in pre-loading 

the stope production rings and eliminating the 

need to return to the brow for hooking up. 

     Whilst safety was a major driver for EHM to 

use wireless blasting, at Goldcorp’s Musselwhite 

mine productivity and ore recovery were the main 

drivers. Together with Orica, Musselwhite         

developed the Temporary Rib Pillar (TRP) mining 

method (Figure 5). In the TRP method, a         

temporary pillar is used to withhold backfill while 

the second mass blast (i-kon™ electronic          

detonators) of the stope is mucked out. Once the 

stope is mucked out the TRP is fired remotely and 

the ore can be recovered. With this method the 

mine established an astonishing 93% reduction in 

dilution, increase in mucking of 27% and a 2-week 

saving in time per stope. After this success several 

other mining methods were developed, improving 

the cycle time of the mine as well as the efficiency 

of blasting processes. All these new developed 

blasting and mining methods would not have been 

possible with conventional initiation systems. The 

development of this new mining methods does   

require lateral thinking of mine planners in regard 

to short, middle and long term mine planning. 

Changes to the mine plan and in face the mining 

cycle is not an easy task, but when implemented 

the efficiency of the mine can be significantly    

increased. 
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Figure 6. Sterilised ore in remaining stope able to be recovered with WebGen™. 

 

5 WIRELESS BLASTING IN EUROPE 

 

In March 2018 a team of Orica Technical Services 

Engineers commenced preparations and planning 

for the first wireless demonstration in Europe with 

FQM - Pyhäsalmi mine in Finland. Pyhäsalmi is a 

zinc mine that also produces copper and pyrite, 

and it is the deepest mine in Europe. At the time 

the mine was scheduled to close in September 

2019. Most of the stopes had been mined out and 

the remaining stopes and pillars were becoming 

increasingly challenging to mine. Pyhäsalmi had 

developed a system to mine the stranded pillars, 

but this was incurring considerable time and costs. 

Pyhäsalmi’s Mine acknowledged that WebGen™ 

100 could be a solution for the problems in         

retrieving remaining ore in difficult areas. 

     As a first stop, the Orica team of blasting    

specialists had to assess if the WebGen™ system 

would successfully function in Pyhäsalmi mine. 

Before firing the WebGen™ shot it was important 

to investigate if the system would work in the 

mine and what the maximum reach would be for 

both the quad loop and cable loop antenna. A   

special DRX (a Magnetic Induction (MI) recorder) 

was used to measure the signal strength of the 

transmitted signal and plot the reach of the system 

in the mine. Signal testing also validates if there 

are any black spots in the mine where the system 

has a bad signal. 

     The quad loop antenna was set-up in a safety 

bay with access to power and the mine’s        

communication system. Pyhäsalmi experiences  

occasional sulphur dust explosions and therefore 

personnel are not allowed to be underground while 

blasting. Blasting takes place at the end of the shift 

after the shift explosives supervisor checks that 

everyone has vacated the mine. Pyhäsalmi is a 

well-developed mine with the latest technology  

installed as well as a LAN communication system. 

A specially designed LAN modem makes it      

possible for the WebGen™ transmitter to connect 

to the LAN mine network so firing can take place 

safely from the surface. 

     Initial signal testing with the quad loop antenna 

underground validated that the system was     

working with a range of at least 200m. Further 

signal testing was performed using the larger cable 

loop antenna installed at the main operating level 

of the mine (1350 below surface). The challenge 

of finding an area to lay out the cable loop antenna 

with its 120m circumference was solved by     

placing the cable loop around the mine’s     

maintenance shop. Here two challenges were 

faced. Firstly, it is an active shop with vehicles and 

equipment moving in and out, having to travel 

over the cable loop. Secondly, there were          

significant amounts of metallic objects within the 

shop and therefore within close proximity to the 

cable loop, interfering with the efficiency of the 

system. Regardless, it was validated that the     

system could send and receive signals from the 

production level to the furthest stope which was 

450m. No testing was done beyond the furthest 

stope as this was not necessary for the trial. After 

assessing the MI signal test results, it was decided 

that it would be more convenient to use the    

quad-loop antenna. 

     In September 2018 the EMEA WebGen™ team 

returned to Pyhäsalmi mine for the first wireless 

blast in Europe. The final three rings of stope 

18b10-11 on level 1175 were selected for the 

demonstration blast. On 4 September 2019 at 

22:00hrs the first wireless blast in Europe was 
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Figure 7. Removing people from harm, seismic dangerous and reducing misfires by cut-offs. 
 

fired without any issue. Since the introduction of 

wireless blasting, Pyhäsalmi mine has fired a total 

of 5 blasts in challenging areas. For one of the 

wireless blasts, a stope would not be accessible 

anymore after the first blast, but as the stope could 

be pre-loaded with wireless detonators the mine 

could blast and produce 4000 tonnes of extra ore, 

that otherwise would have been sterilised. Another 

blast was a modification of the developed      

Temporary Rip Pillar (TRP) mining method where 

a temporary pillar was blasted after it became    

isolated. 

     Figure 6 shows the situation where sterilised 

ore in a corner of a stope was able to be blasted 

and recovered using WebGen™ 100. 

 

6 WIRELESS BLASTING CHALLENGES 

 

Successes have already been achieved with     

wireless blasting, but it has been a long journey 

with several challenges. As the technology is very 

young, new challenges continue to present     

themselves and must be overcome. During field 

testing for one trial it appeared that certain types of 

orebodies affected the communication between the 

DRX and the antenna making it difficult to    

communicate with the WebGen™ primer in the 

blasthole. Currently the technology team is testing 

the system to determine the cause of the issue and 

make modifications to overcome this challenge. 

     Further challenges facing wireless blasting    

include developing safety protocols to ensure that 

a booster that has fallen out of a hole won’t make 

its way into the downstream processing system. 

Geofencing and RFID are being investigated to 

control this risk. Currently the system uses only 

one-way communication between the DRX and 

the transmitter and the assigned delay cannot be 

changed after the unit is loaded in the blasthole. 

This is a step back from the two-way             

communication and programmability that blasters 

have become accustomed to with electronic      

detonators. However, two-way communication  

becomes less important when there is no wired 

circuit to be tested and effectively the             

communication pathway is proven through the 

signal survey process. Future versions of the     

system will be designed to allow the user to 

change the programmed delay time after loading in 

the hole. 

     Besides the technological challenges there are 

also challenges with regulatory bodies. Currently 

the WebGen™ 100 blasting system is being       

assessed by the regulatory body to obtain the CE 

mark, which is required for all systems          

commercially used in the EU. Certain countries 

require additional local approvals; delaying the   

introduction of the system. 

 

7 FUTURE 

 

The charge-up process in development mining and 

tunnelling is still a highly manual process and one 

of the last activities in development mining that is 

not mechanised or automated. Although there have 

been attempts to mechanise charging and some 

systems have been developed (and still in use),  

one of the main problems has always been          

selecting and loading the correct delay and      

handling the wire or signal tube. With the wire   

being removed, this restriction is eliminated and 

mechanisation together with automation is a step 

closer to reality. Mechanisation of the charging 

process will have many advantages for mining  

operations. It may remove people from the face  

area, traditionally one of the most dangerous areas 

in the mine. Many mines bolt and shotcrete the 

face to prevent unexpected rock bursts when   

people are working at the face. Imagine what time 

and costs could be saved if shotcreting and bolting 

of the face could be removed entirely from the 

mining cycle. Furthermore, rock support metal 

will not end up in the downstream process of   

mining and processing. Mechanisation and         
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automation will also be of advantage in areas 

where re-entering of the development drift is an  

issue due to seismicity. 

     Wireless blasting is a fundamental step in the 

development of automated charging. A current   

restriction is the size of the primer, however new 

developments make it possible to reduce the size 

of the primers and make them suitable for          

development blasting. 

 

8     CONCLUSION 
 

Wireless blasting is a new and exciting technology 

to blast rock without the use of cumbersome and 

complex wiring hook-ups, while having the       

accuracy of an electronic detonator. Wireless 

blasting has already enabled safer work methods 

and mining techniques that increase recovery, 

productivity and efficiency. 

     Many technical and regulatory challenges will 

be faced by wireless blasting, but it is a            

fundamental step in the mechanisation and         

automation of the explosives charging and blasting 

process. 

     With the first WebGen™ blasts at FQM –    

Pyhäsalmi mine wireless blasting is no longer a 

dream in Europe, but a reality. 
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