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A B S T R A C T   

The effect of detonator position on rock fragmentation was studied at the Kevitsa open pit mine. Five full-scale 
field tests were conducted where the blasts were divided into test and reference areas, and compared with each 
other. In the test areas, the detonators were placed at or near the middle point of the explosive column, and in the 
reference areas, corresponding to the conventional blasts used in the Kevitsa mine, the detonators were placed 
about 1–2 m above the bottom of the blast holes. The rock fragment sizes from both test and reference areas were 
measured and studied using shovel-mounted machine vision cameras and image analysis. Both theoretical and 
field studies indicated that the detonator position plays an important role in rock fragmentation, and that the 
detonator position in the middle of the explosive column yielded significant improvement in rock fragmentation. 
For example, percentages of fragment sizes x20, x50, and x80 are reduced by 10–27%, 11–30%, and 8–31%, 
respectively; percentage of large size fragments (>1.0 m) is reduced by 29–99%; percentage of small size 
fragments (<2.5 cm) is increased by 6–49%.   

1. Introduction 

Up till now rock blasting has been dominated by empirical designs 
that are not optimal for rock fracture and fragmentation. An improper 
detonator position can often be found in present rock blasting that can 
lead to wastage of detonation energy and non-optimal stress distribution 
in the rock mass, resulting in poor fragmentation.1,2 By using stress wave 
theory and rock fracture characteristics, Zhang3 found that the best 
detonation position (or initiation position) was the middle point of the 
explosive column in each blast hole in which only one detonator was 
used. Based on this theoretical conclusion, a total of 40 sublevel caving 
production rings were blasted in which all detonators were placed at the 
middle points of the blast holes. The results showed that the ore 
extraction from the 40 rings with the middle detonators was increased 
by 107%, compared with the ore extraction from other 210 ordinary 
rings in which all detonators were located near the collars of blast holes. 
Brunton et al.4 reported that ore recovery from the middle detonator 
rings was higher than that from the toe (or bottom) detonator rings, 
indicating that the middle detonator position is better than the toe po-
sition concerning ore recovery. Then, by means of stress wave analysis2 

and numerical simulation,5–7 effect of detonator position on the 

distribution of explosion energy and stresses in the rock mass was 
further investigated. Numerical simulation by Long et al.5 indicated that 
the initiation point in bench blasting has great influence on the spread 
and distribution of explosive energy. Menacer et al.6 got the best frag-
mentation by modeling the detonator at the center of the vertical blast 
hole for different joint directions compared to the detonator at the top or 
bottom of the hole. Numerical simulations by Liu et al.7 indicated that 
the middle initiation is better than the top or bottom initiation in 
improvement on bench floor conditions and boulder numbers in bench 
blasting. Mathematical and mechanical analysis by Gao et al.8 showed 
that traditional recommendation of the bottom detonator is not always 
right since the blast-induced damage profile at the bottom zone of the 
blast holes is the worst. According to the above description, both theo-
retical analysis and numerical simulation indicate that middle detonator 
position is better than either collar detonator or toe detonator position in 
the distributions of explosive energy and stresses in the rock mass, and 
full-scale mining blasts demonstrate that the middle detonator position 
has resulted in higher ore recovery or higher ore extraction3,4 and less 
brow damage together with the DSB (dividing a single blast) method.9 

However, up to now all full-scale production blasts with the middle 
detonator position have been limited to underground mining. Therefore, 
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it is necessary to test the middle detonator position in open pit mines so 
that rock fragmentation can be improved. Accordingly, this paper is to 
report the results from five full-scale blasts using the middle detonator 
position in the Kevitsa open pit mine. 

2. Rock conditions, explosive properties and blast parameters 

Kevitsa mine is an open pit nickel-copper mine located in the middle 
of Finnish Lapland in the municipality of Sodankylä. The mine produced 
9.2 Mt of ore containing nickel, copper, gold, platinum and palladium in 
2020. The mafic-ultramafic magmatism at ca. 2.06 Ga produced sig-
nificant Ni–Cu-PGE resources in the Central Lapland greenstone belt, 
including Kevitsa layered intrusion.10 The deposit consists of very high 
to extremely high strength rock with an average uniaxial compressive 

strength (UCS) of 212 ± 71 MPa and an average tensile strength of 17 
MPa. The rock density is 3155 kg/m3, Young’s modulus 127 GPa, and 
Poisson’s ratio 0.27. The rock mass classification values for the Kevitsa 
orebody are as follows: rock quality designation (RQD) is equal to 86 ±
27, Q-value 29, and geological strength index (GSI) 74 ± 13. The GSI in 
the fracture zones has been estimated to be 35 in average. 

During this study, two bulk emulsion explosives from two suppliers 
were used in the production blasting before and after January 2021, 
respectively. The effect of the detonator position on fragmentation was 
studied with both emulsion explosives. The average density and deto-
nation velocity of Emulsion 1 (before January 2021) were 1.22 g/cm3 

and 5500 m/s, and those of Emulsion 2 were 1.14 g/cm3 and 5000 m/s, 
respectively. In all tests, the height of the bench was 12 m, the length of 
the stemming 3.5 m and the size of the drill holes 165 mm in diameter 

Fig. 1. Stress wave distribution at the moment when detonation has propagated ½ charge length from the detonator at three different detonator positions: a) top, b) 
middle, and c) bottom of the explosive column. 

Fig. 2. Stress wave distributions at the moment when detonation of the explosive column has ended: a) middle detonator position, b) conventional detonator 
position in Kevitsa mine. 
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drilled in staggered pattern. The spacing was 4.3 or 4.8 m, the burden 
3.7 or 4.2 m, and the subdrilling 1 or 1.5 m. The tests were conducted 
such that in the test and reference areas all blast parameters were the 
same except for the location of the detonator. 

3. Theoretical analysis on detonator position in open pit 
blasting 

3.1. Stress distribution and energy efficiency 

The blast wave energy (or stress) distribution, generated by a high 
explosive detonation, is dependent on the location of the detonator and 
with a cylindrical charge never becomes spherical.11 However, to make 
the analysis simpler, the velocity of detonation (VOD) of the explosive is 

Fig. 3. Stress wave induced by a detonator at the bottom of the blasthole (a). Stress wave superposition induced by a detonator at the middle of the explosive column 
(b) (after Zhang 2016). 

Fig. 4. Detonator positioning in a) conventional blast design and b) test design, and c) primary detonator taped on backup detonator signal tube in test design.  
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taken equal to the P-wave velocity of the rock/ore mass in the mine and 
the stress distribution is assumed to be symmetrical. Fig. 1 shows the 
stress distribution in three different detonator positions A, B, and C at 
the moment T = Lch/2VOD, where Lch is the length of the explosive 
column. The black circles (or arcs) represent the fronts of the 
compressive stress waves and the grey or dark areas show the reflected 
tensile waves. The effect of S-waves on stress distribution is neglected. 

Because the tensile strength of a rock is often much smaller than its 
compressive strength; commonly 8–15 times, tensile loading dominates 
rock fracture in rock blasting.2,12 Bearing this in mind, from Fig. 1 we 
can find the following points on the stress distribution and energy effi-
ciency with different detonator positions:  

A) The stress is initially distributed at the top of the bench where the 
reflected tensile waves begin to tear the rock fragments towards 
the sky. Accordingly, fly-rocks may occur at the top of the bench 
due to the tensile stress wave there. At the same time, the 
detonation-caused shock wave must propagate into the stem-
ming. When the shock wave arrives to the upper end of the 
stemming, the stemming will be ejected out of the hole. Following 
this ejection, detonation-produced gases must be ejected too, 
leading to the loss of explosive energy.  

B) The stress is initially distributed to the burden to be blasted. In 
particular, the tensile waves are only located in the burden and 
detonation energy will mostly go into the rock to be fragmented. 

This is what we need. In this case, the entire explosive column is 
detonated before the tensile wave reaches the blast hole. Thus, 
there is little or no energy loss before the explosive detonation is 
completed.  

C) The stress is initially distributed mostly below the bench floor and 
the tensile fracture begins from the bench floor level. Since there 
is no free surface below the floor, the compressive waves will 
mostly propagate to the far field of rock mass in the form of 
seismic waves, without much contribution to the rock fragmen-
tation in the burden rock. 

Following the above analysis, we can compare the distribution of 
stress waves from the middle detonator position with that from Kevitsa’s 
conventional detonator position, as shown in Fig. 2. The scale of Fig. 2 
(also Fig. 1) corresponds to the sizes of the waste rock blasting with a 
165 mm diameter of blast holes, and the stress distribution corresponds 
the time when the detonation of the entire explosive column has just 
ended. The red dot presents the primary detonator and the blue dot is the 
backup detonator. 

As we can see from Fig. 2a, in the case of middle detonator position, 
the detonation energy of the whole explosive column is distributed over 
a much smaller volume and within the rock aimed to be fragmented, 
without energy loss during the detonation. With the conventional 
detonator position used in Kevitsa shown in Fig. 2b, the detonation 
energy is distributed over a much larger volume, and about a half of this 

Fig. 5. Example of FRAGTrack images of a single sample with analyzed fragment sizes x20 = 11 cm, x50 = 24 cm, and x80 = 43 cm. The Sample Details image is a 
snapshot of the analysis at some mass passing %. 

Fig. 6. Illustrative image of the loose rock layer at the top of the benches, shortening of holes, and damaged zone at the bench face.  
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Fig. 7. a) Test field C1078R013 with smaller refer-
ence test and reference areas, excluding the center of 
the field, b) test field C1078R013 with reference and 
test areas including the center of the field with some 
mixed data between the areas, c) test field 
C1066M003 with loading blocks HG73 and HG74 
(reference area), HG76 and HG77 (test area), and 
HG75, HG78, and HG79 (areas left out of the study), 
d) test field C1054X008 with loading blocks HG88 
and UNW32 (reference area for blast pattern 3.7 ×
4.3 m), USW9 (test area for blast pattern 3.7 × 4.3 
m), UNW34 (reference area for blast pattern 4.2 ×
4.8 m), USW7 and UNW33 (test area for blast pattern 
4.2 × 4.8 m), and HG89 and HG90 (areas left out of 
the study), and e) test field C1018M005/C1018M006 
with loading blocks HG95, HG96 and HG101 (refer-
ence area), HG83, HG84, and HG85 (test area), and 
HG86, HG97, HG98, HG100, and CW3 (areas left out 
of the study).   
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volume is located below the bench floor. In this case, the energy con-
tained in the stress wave below the bench floor cannot be used in 
fragmenting the bench rock. Instead, this energy will be consumed 
gradually during the wave propagation to the far field. Therefore, the 
best detonator position in terms of stress distribution and energy effi-
ciency is the middle position, compared with the detonator positions in 
(A), (C) and the conventional detonator position in Kevitsa mine. 

3.2. Detonation time 

The detonation time TD depends on the velocity of detonation (VOD), 
detonator placement and the charge length, as follows: 

TD =
Lmax

VOD
(1)  

where Lmax is the maximum distance from a detonator to the end of the 
explosive column. With a shorter detonation time the total energy of the 
explosive is contained and released to the rock mass in a shorter period 
of time, resulting in a higher energy concentration. This higher energy 
concentration should be better for rock fragmentation.2 If each blast 
hole is placed only one detonator (or one primary detonator), the 
detonation time can be halved by moving the detonator from the bottom 
or top to the middle of the explosive column. 

3.3. Stress wave superposition 

Stress wave superposition is achieved when two or more individual 
stress waves overlap each other. If two individual waves have the same 
sign (i.e. both are compressive or tensile), they are directly super-
imposed, resulting in greater stress. By placing a detonator at the middle 
of an explosive column, two individual stress waves in the rock mass are 
created since the detonation propagates in both upward and downward 
directions in a vertical hole. Assume that explosive columns O-1 in 
Fig. 3a, O-1 and O-2 in Fig. 3b cause three identical stress waves σb1, σm1 
and σm2 at an arbitrary point M. When the two waves σm1 and σm2 meet 
each other, e.g., as shown in Fig. 3, the stress amplitude at the point M 
will be higher since they overlap each other, compared with the stress 
amplitude at the same point in the case of a bottom or collar detonator 

position shown in Fig. 3a.2 This is consistent with the result measured 
during rock blasting by Dawes et al.13 who reported that the measured 
stress amplitude was greater in the middle detonator placement than in 
the bottom detonator placement. 

4. Field blasting tests at the Kevitsa mine 

4.1. Test blast design and conventional blast design 

The conventional blast design in Kevitsa is shown in Fig. 4a and test 
design in Fig. 4b. In the conventional design the primary detonator was 
located about 1–2 m above the bottom of blast hole to prevent the 
mixture of drilling fluids, water and emulsion in the bottom. The backup 
detonator was located on the top of the explosive charge, i.e. close to the 
collars of blast holes, and was initiated with a delay of 25 ms if the 
bottom detonator did not detonate. In the test design the primary 
detonator was mounted in the middle of the explosive column by taping 
the primary detonator’s booster 5 m above the backup detonator with a 
25 ms delay on the backup detonator’s shock tube and attaching the 
backup detonator/booster to the bottom of the borehole during emul-
sion pumping (Fig. 4c). A total of five tests (with test design areas and 
corresponding reference areas with conventional blast design) were 
conducted within production blasts. 

4.2. Machine vision camera system 

Orica’s FRAG Track system cameras has been installed on all oper-
ating face-shovels in Kevitsa mine for continual assessment of fragment 
size distribution at the active dig face of a muckpile. The FRAGTrack 
system is an automated stereoscopic fragmentation image analysis using 
combined 2D and 3D intelligent image processing algorithms. The sys-
tem’s image capture process ‘acquires’ and checks if trigger criteria have 
been met at a rate of 2–4 images per second. Once the trigger criteria 
have been met, it starts the image processing and stops acquiring images 
until the segmentation results are complete. After this, it starts looking 
for a new image to analyze. In Kevitsa, the sample data capture fre-
quency is every 3 min. The sieve sizes that fragments will pass can be 
defined on each camera. The sieve sizes used in Kevitsa have been 5, 10, 
15, 20, 25, 35, 50, 70, 100, 140, and 200 cm. In December 2020, the 
sieve sizes were set to cover 5–200 cm with 5 cm steps. If the largest 
fragment is larger than 200 cm, an additional sieve size representing the 
maximum fragment size of the sample is added. The system is optimized 
for the smaller fragment sizes, which are the most common. One of the 
weaknesses of the FRAGTrack system is that when optimized for smaller 
fragment sizes, the inaccuracy of large (over 100 cm) sizes increases. 
Fig. 5 shows an example of a single sample with analyzed fragment sizes 
x20 = 11 cm, x50 = 24 cm, and x80 = 43 cm, taken at night. Currently, 
the FRAGTrack system is used in 19 different mines. 

4.3. Data uncertainties 

To minimize the effect of geological factors, the test fields were 
divided into reference area (using the conventional blast design) and test 
area (using the test design for middle detonator position), and the results 
were compared between these two areas. Uncertainties such as fracture 
zones and collapsed holes were mostly excluded from the results. 

Drill and blast parameters (e.g. powder factor, muckpile movement 
direction, blast pattern, hole size, and explosive) were kept constant in 
both the reference area and the test one, so that the only variable 
parameter was the detonator position. Other, unavoidable, factors 
influencing the final fragmentation and data are the uneven loose rock 
layer at the top of the blast fields, shortened holes, damaged zone at the 
bench face, and mixing of fragments from test and reference area due to 
muckpile movement and loading inaccuracy. 

Thick loose rock layer at the top of the blast fields was found to be the 
main source of shortened holes in the mine, i.e. fragments from the loose 

Table 1 
Swebrec function parameters of each dataset and corresponding coefficient of 
determination (R2) and mean squared error (SME).  

Test field, data set SWE function parameters 

xmax 
[mm] 

x50 
[mm] 

b R2 MSE 

C1078R013, 4.2 × 4.8 m, 
Reference area Fig. 7a 

1400 231.82 3.1396 0.9969 2.62 

C1078R013, 4.2 × 4.8 m, 
Test area Fig. 7a 

1400 206.49 3.3779 0.9978 1.72 

C1078R013, 4.2 × 4.8 m, 
Reference area Fig. 7b 

1400 238.13 3.2067 0.9976 2.13 

C1078R013, 4.2 × 4.8 m, 
Test area Fig. 7b 

1400 211.05 3.3588 0.9977 1.82 

C1066M003, 4.2 × 4.8 m, 
Reference area Fig. 7c 

2000 306.41 3.6105 0.9985 1.37 

C1066M003, 4.2 × 4.8 m, 
Test area Fig. 7c 

2000 263.34 3.7399 0.9985 1.20 

C1054X008, 4.2 × 4.8 m, 
Reference area Fig. 7d 

2000 277.25 3.5098 0.9957 3.56 

C1054X008, 4.2 × 4.8 m, 
Test area Fig. 7d 

2000 210.09 4.0890 0.9973 2.00 

C1054X008, 3.7 × 4.3 m, 
Reference area Fig. 7d 

2000 213.73 4.0076 0.9973 1.92 

C1054X008, 3.7 × 4.3 m, 
Test area Fig. 7d 

1400 171.53 3.7815 0.9968 2.32 

C1018M006, 3.7 × 4.3 m, 
Reference area Fig. 7e 

2500 260.71 4.1734 0.9967 4.83 

C1018M005, 3.7 × 4.3 m, 
Test area Fig. 7e 

1100 183.47 3.2423 0.9979 2.10  
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rock layer fall to the bottoms of the holes, making the blast holes shorter 
than planned or blocking the holes entirely (Fig. 6.). The loose rock layer 
often consisted of the subdrilling layer rocks of the upper bench and 
unloaded material left from the upper bench, and such a layer varied a 
lot within the test fields. The shortened holes reduced the amount of 
explosive charge used to break the solid rock mass and thus it may have 
an effect on the fragment size. 

4.4. Test fields: reference and test areas 

Test fields are shown in Fig. 7. The areas highlighted in blue or green 
indicate the areas that were the “reference areas” (charged according to 
the conventional blast design) in the fragment size data, and the areas 
highlighted in orange or yellow indicate the “test areas” (charged ac-
cording to the test design with the middle detonator position). Collapsed 
holes (red dots) and fracture zone (grey) are presented in the figures. 

Test field C1078R013 with 79 000 t of rock, blast pattern 4.2 m 

(burden) x 4.8 m (spacing) and charged with the Explosive 1 was the 
first test blast. Areas charged with the reference and test design were 
loaded partially mixed and could not be completely separated in the 
data analysis. For this reason, the fragmentation results were analyzed 
based on two different reference and test areas: (1) the center of the field 
was excluded so that there were a lot of bench face areas in the data 
(Fig. 7a), and (2) the center of the field was included so that there were 
some mixed fragmentation data from areas with different detonator 
positioning (Fig. 7b). The image processing data for each reference and 
test area was defined based on the loading progress lines of the shovel 
and the loading block line shown in Fig. 7a and b. Lesson was learned 
from the first test blast and in rest of the test fields the test areas were 
designed based on loading blocks (e.g. HG73, USW7 etc.) defined by 
geologists, thus, the data for the reference and test area were better 
separated. 

In the test field C1066M003 with 202 000 t of rock, blast pattern 4.2 
× 4.8 m and charged with the Explosive 1 (Fig. 7c), the loading blocks 

Table 2 
Fragment sizes x20, x50, x80, percentage of small (<2.5 cm) and large (>1.0 m) size fragments, and the change (%) between each reference and test area based on the 
FRAGTrack image processing data and the corresponding Swebrec function data. The quantity of fragment size images for each data set, and the thickness of the loose 
rock layer at the top of the blast field in reference and test areas.  

C1078R013, 4.2 × 4.8 m, Fig. 7a FRAGTrack image processing data Swebrec function 

Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 9.9 8.9 − 9.8 8.5 7.8 − 8.5 
x50 [cm] 23.2 20.6 − 10.9 23.2 20.6 − 10.9 
x80 [cm] 43.5 39.9 − 8.3 44.0 39.3 − 10.7 
<2.5 cm [%] 4.8 5.1 6.4 4.5 5.3 18.7 
>1.0 m [%] 0.4 0.2 − 53.4 0.5 0.3 − 45.5 
Analyzed fragment size images 187 137 Difference:    
Loose rock layer avg [m] 1.18 2.06 0.88    
C1078R013, 4.2 × 4.8 m, Fig. 7b Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 10.3 9.2 − 10.9 9.1 8.0 − 12.2 
x50 [cm] 23.8 21.1 − 11.4 23.8 21.1 − 11.4 
x80 [cm] 43.8 40.2 − 8.2 44.3 40.0 − 9.8 
<2.5 cm [%] 4.4 5.0 12.4 4.5 5.3 18.7 
>1.0 m [%] 0.3 0.2 − 43.2 0.5 0.3 − 37.6 
Analyzed fragment size images 258 155 Difference:    
Loose rock layer avg [m] 1.43 2.00 0.57    
C1066M003, 4.2 × 4.8 m, Fig. 7c Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 13.9 12.1 − 13.2 12.7 10.6 − 16.7 
x50 [cm] 30.6 26.3 − 14.1 30.6 26.3 − 14.1 
x80 [cm] 55.7 49.8 − 10.6 55.7 49.3 − 11.5 
<2.5 cm [%] 2.7 3.5 29.1 4.5 5.3 18.7 
>1.0 m [%] 2.0 1.4 − 28.9 2.7 1.8 − 33.6 
Analyzed fragment size images 288 570 Difference:    
Loose rock layer avg [m] 0.87 1.40 0.53    
C1054X008, 4.2 × 4.8 m, Fig. 7d Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 12.8 9.7 − 24.1 10.6 8.5 − 20.5 
x50 [cm] 27.7 21.0 − 24.2 27.7 21.0 − 24.2 
x80 [cm] 52.1 39.8 − 23.6 52.8 40.2 − 24.0 
<2.5 cm [%] 3.2 4.6 42.4 5.8 6.2 7.4 
>1.0 m [%] 2.7 0.3 − 88.4 2.5 0.8 − 67.6 
Analyzed fragment size images 322 540 Difference:    
Loose rock layer avg [m] 1.28 1.57 0.29    
C1054X008, 3.7 × 4.3 m, Fig. 7d Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 10.0 8.1 − 18.4 8.5 6.8 − 20.2 
x50 [cm] 21.4 17.2 − 19.7 21.4 17.2 − 19.7 
x80 [cm] 41.1 32.4 − 21.1 41.1 32.7 − 20.5 
<2.5 cm [%] 4.4 5.9 34.2 6.3 7.9 24.4 
>1.0 m [%] 0.8 0.1 − 89.0 0.9 0.1 − 89.2 
Analyzed fragment size images 746 238 Difference:    
Loose rock layer avg [m] 1.30 1.97 0.67    
C1018M005/6, 3.7 × 4.3 m, Fig. 7e Reference area Test area Change % Reference area Test area Change % 

x20 [cm] 10.9 8.0 − 27.0 10.7 7.1 − 34.0 
x50 [cm] 26.1 18.3 − 29.6 26.1 18.3 − 29.6 
x80 [cm] 49.4 34.3 − 30.6 49.4 34.2 − 30.7 
<2.5 cm [%] 4.6 6.9 48.9 4.9 8.1 66.4 
>1.0 m [%] 1.8 0.01 − 99.2 2.3 0.01 − 99.7 
Analyzed fragment size images 680 1551 Difference:    
Loose rock layer avg [m] 0.98 1.12 0.14     
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HG78 and HG79 were left out of the study because of too determinant 
geological factors (thick fracture zone piercing the field) and too many 
collapsed holes (red dots). The loading block HG75 was left out of the 
study due to relatively low power factor in the area i.e. the holes were 
considerably shortened and amount of charged bulk emulsion was less. 
The loading blocks HG73 and HG74 were counted as reference area, and 
the loading blocks HG76 and HG77 were counted as test area in the data 
analysis. 

In the test field C1054X008 with 408 000 t of rock and charged with 
the Explosive 1 (Fig. 7d), two different blast patterns (3.7 × 4.3 m for ore 
and 4.2 × 4.8 m for waste rock) were used. The data between the 
different blast patterns were separated in the results. The loading blocks 
HG88 and UNW32 were counted as reference area, and the loading 
block USW9 was counted as test area in the data analysis of pattern size 
3.7 × 4.3 m. The loading block UNW34 was counted as reference area, 
and the loading blocks USW7 and UNW33 were counted as test area in 
the data analysis of pattern size 4.2 × 4.8 m. Two blocks were left out of 

the study: Initial loading boundaries were changed after charging when 
final RC (reverse circulation) drilling results (mineral estimations) came, 
thus, loading block HG89 was partly charged with the test design and 
partly with the conventional blast design, and the loading block HG90 
was drilled with two different blast patterns. 

Test field in Fig. 7e consisted of two different blasts: C1018M005 
with 274 330 t of rock and C1018M006 with 227 290 t of rock. Blast 
pattern size 3.7 × 4.3 m was used in both blasts and charged with the 
Explosive 2. The loading blocks HG95, HG96 and HG101 were counted 
as reference area, and the loading blocks HG83, HG84, and HG85 were 
counted as test area. The loading blocks HG86, HG99, HG100, and CW3 
were left out of the study because of too determinant geological factors 
(thick fracture zone piercing the field) and the HG97 and HG98 and 
were left out of the study because of the relatively large burden on the 
first row, which limited the muckpile movement and increased the 
boulder yield from the bench face region. 

Fig. 8. Accumulated mass passing (%) versus fragment size in the test field C1078R013 with reference and test areas excluding the center of the field. (a) In a linear 
scale; (b) in a logarithm scale. 

Fig. 9. Accumulated mass passing (%) versus fragment size in the test field C1078R013 with reference and test areas including the center of the field. (a) In a linear 
scale; (b) in a logarithm scale. 
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5. Results 

The results of rock fragmentation in this study came from the im-
aging analysis and the Swebrec function,14 which was proved to give the 
best fit with the sieved cumulative distribution curves, based on 1234 
sieved data sets, including 2/3 laboratory data sets and 1/3 field data 
sets.15 The Swebrec function, proposed by Ouchterlony,14 is: 

P(x) =
1

1 + [
ln(xmax

x )

ln(xmax
x50

)
]
b

(2)  

where the average fragment size x50, the maximum fragment size xmax 
and a curve undulation parameter b. The Swebrec function has useful 
prediction range in xP, where 2% < P < 100%. 

In this study, a total of 5672 machine vision camera images were 
used for the data analysis. The Swebrec function was fitted to each data 
set and the parameters of the function, as well as the coefficient of 
determination R2, and the mean squared error (SME) for each fitting are 
shown in Table 1. The fragmentation results for the test fields are shown 

in Table 2 and Figs. 8–13. 
Fragment sizes were clearly smaller at the test area in each test field. 

The amount of small size fragments (<2.5 cm) increased and the amount 
of large size fragments (>100 cm) were reduced significantly, when the 
detonators were placed in the middle of the explosive column, see 
Figs. 8, Fig. 9, Fig. 10, Figs. 11, Fig. 12, and Fig. 13. 

The loose rock layer at the top of the test fields was 14–88 cm thicker 
in the test areas compared to the reference areas. As mentioned in 
Section 4.3, the thickness of the loose rock layer can have an effect on 
fragmentation. The biggest difference in the fragment size was achieved 
when the difference in the loose rock layer was smallest, and vice versa. 

Comparing the image processing data to the Swebrec function, the 
coefficient of determination R2 was from 0.9957 to 0.9985 and the mean 
squared error was from 1.20 to 4.83, indicating that the fitting is good. 
The biggest error was obtained with the smaller sieve sizes but the re-
siduals (between the image processing data points and the SWE function 
line) are consistent across the data sets of the reference and test areas. 

Comparing the test fields with each other, the smallest fragment size 
in the test area was in the C1054X008 and C1018M005 with the tighter 

Fig. 10. Accumulated mass passing (%) versus fragment size in the test field C1066M003. (a) In a linear scale; (b) in a logarithm scale.  

Fig. 11. Accumulated mass passing (%) versus fragment size in the test field C1054X008 with blast pattern 4.2 × 4.8 m. (a) In a linear scale; (b) in a logarithm scale.  
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blast pattern 3.7 × 4.3 m (blast pattern for ore). This is reasonable since 
the tight blast pattern means greater powder factor, which should give 
rise to better fragmentation if the performance of the emulsion is not 
affected by too dense pattern (which has sometimes been a problem in 
Kevitsa). The emulsion explosive was changed in the mine in January 
2021. The test blasts C1018M005 and C1018M006 were blasted with 
the new emulsion with a lower density and average velocity of deto-
nation. The fragment sizes in the test areas of the blast fields C1078R013 
and C1054X008 drilled with the waste rock pattern (4.2 × 4.8 m) got 
smaller than in the reference area of the C1054X008 drilled with the ore 
pattern. 

6. Discussion 

The sizes of fragments decrease with increasing loading rate ac-
cording to rock compression strength tests e.g. Refs. 16–19 and rock 
fracture experiments under stress wave loading e.g. Refs. 2,20. By 
placing the primary detonator in the middle of the explosive column, the 

loading rate in the rock mass during blasting may be increased since the 
detonation time TD is reduced. This needs further investigation. 

As described above, rock fragmentation from the five test blasts with 
middle detonator placement was much better than that from the con-
ventional detonator placement. It is possible that the energy consump-
tion in the downstream operations such as crushing and grinding had 
been reduced due to the better fragmentation from blasting. However, 
due to blending (blast is mixed with other blasts before the crusher) the 
data of energy consumption for these five blasts cannot be separated. 
Because of the improved rock fragmentation from the middle detonator 
placement, Kevitsa mine has decided to use the middle detonator 
placement in all production blasts with non-electric detonators from the 
January of 2021. Therefore, the energy consumption in crushing and 
grinding can be investigated in the future. Numerical simulations and 
vibration measurements are also planned for future projects at the mine. 

To analyze the results of the field tests from the perspective of energy 
and to calculate the energy utilization rate in the blasts is not currently 
possible. The difficulty is that fragments of the same size can have a 

Fig. 12. Accumulated mass passing (%) versus fragment size in the test field C1054X008 with blast pattern 3.7 × 4.3 m. (a) In a linear scale; (b) in a logarithm scale.  

Fig. 13. Accumulated mass passing (%) versus fragment size in the test field C1018M005/C1018M006 with blast pattern 3.7 × 4.3 m. (a) In a linear scale; (b) in a 
logarithm scale. 
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large difference in their surface areas because their shapes can be very 
different, so it is not possible to calculate the fragmentation energy 
correctly according to the size distribution of the fragments. 

7. Conclusions 

Based on stress wave analysis, it can be concluded that the middle 
detonator placement has following advantages over the conventional 
detonator placement: More stress wave energy is distributed in the 
burden rock when the whole explosive column in a blast hole is deto-
nated. Total detonation time is reduced by about 40%, resulting in 
higher energy concentration and greater stress amplitude in the rock to 
be fragmented. Compared with the conventional detonator placement, 
the five full-scale tests with the middle detonator placement yield the 
following results:  

• Percentage of large size fragments (>1.0 m) is reduced by 29–99%.  
• Percentage of small size fragments (<2.5 cm) is increased by 6–49%.  
• Percentages of all other fragment sizes are reduced. For example, 

percentages of x20, x50 and x80 are reduced by 10–27%, 11–30% 
and 8–31%, respectively. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The authors would like to thank the crew of Orica Finland Kevitsa as 
well as geologists, designers, field workers, and other New Boliden staff 
who have helped with the research, and Professor Finn Ouchterlony for 
his suggestion on fragmentation analysis. This research did not receive 
any specific grant from funding agencies in the public, commercial, or 
not-for-profit sectors. 

References 

1 Zhang ZX. Effect of double-primer placement on rock fracture and ore recovery. Int J 
Rock Mech Min Sci. 2014;71:208–216. https://doi.org/10.1016/j. 
ijrmms.2014.03.020. 

2 Zhang ZX. Rock Fracture and Blasting: Theory and Applications. Oxford: Elsevier; 2016. 
3 Zhang ZX. Increasing ore extraction by changing detonator positions in LKAB 

Malmberget mine. Int J Blasting Fragm. 2005;9(1):29–46. https://doi.org/10.1080/ 
13855140500082600. 

4 Brunton ID, Fraser SJ, Hodgkinson JH, Stewart PC. Parameters influencing full scale 
sublevel caving material recovery at the Ridgeway gold mine. Int J Rock Mech Min 
Sci. 2010;47. https://doi.org/10.1016/j.ijrmms.2009.12.011, 674–656. 

5 Long Y, Zhong MS, Xie QM, Li XH, Song KJ, Liao K. Influence of initiation point 
position on fragmentation by blasting in iron ore. In: Singh PK, Sinha A, eds. Rock 
Fragmentation by Blasting: Fragblast 10. London: Taylor & Francis Group; 2012: 
111–116. 

6 Menacer K, Hafsaoui A, Talhi K, Saadoune A. Study of the influence factors on rock 
blasting. Procedia Earth and Planetary Science. 2015;15:900–907. https://doi.org/ 
10.1016/j.proeps.2015.08.143. 

7 Liu L, Chen M, Lu WB, Hu YG, Leng ZD. Effect of the location of the detonation 
initiation point for bench blasting. Shock Vib. 2015;2015(6-7):1–11. https://doi.org/ 
10.1155/2015/907310. 

8 Gao QD, Leng ZD, , et alLuo S. Mathematical and mechanical analysis of the effect of 
detonator location and its improvement in bench blasting. Math Probl Eng. 2020; 
2020:1–14. https://doi.org/10.1155/2020/6058086. 

9 Zhang ZX, Wimmer M. A case study of dividing a single blast into two parts in 
sublevel caving. Int J Rock Mech Min Sci. 2018;104:84–93. https://doi.org/10.1016/ 
j.ijrmms.2018.02.002. 

10 Makkonen H, Halkoaho T, Konnunaho J, Rasilainen K, Kontinen A, Eilu P. Ni-(Cu- 
PGE) deposits in Finland: geology and exploration potential. Ore Geol Rev. 2017;90: 
667–696. https://doi.org/10.1016/j.oregeorev.2017.06.008. 

11 Needham C, Brisby J, Ortley D. Blast wave modification by detonator placement. 
Shock Waves. 2020;30:615–627. https://doi.org/10.1007/s00193-020-00958-9. 

12 Read J, Stacey P, eds. Guidelines for Open Pit Slope Design. 1th ed. CRC Press; 2009. 
13 Dawes JJ, McKenzie CK, Liddy TJ. Interaction between blast design variables: 

experimental and modelling studies. In: Proceedings of the First International 
Symposium on Rock Fragmentation by Blasting. Sweden: Luleå; 1983:265–287. 

14 Ouchterlony F. The Swebrec function: linking fragmentation by blasting and 
crushing. Trans Inst Min Metall: Section A. 2005;114(1):29–44. 

15 Ouchterlony F, Sanchidrián JA. A review of development of better prediction 
equations for blast fragmentation. Journal of Rock Mechanics and Geotechnical 
Engineering. 2019;11(5):1094–1109. https://doi.org/10.1016/j.jrmge.2019.03.001. 

16 Whittles DN, Kingman S, Lowndes I, Jackson K. Laboratory and numerical 
investigation into the characteristics of rock fragmentation. Miner Eng. 2006;19(14): 
1418–1429. https://doi.org/10.1016/j.mineng.2006.02.004. 

17 Liu S, Xu J. Study on dynamic characteristics of marble under impact loading and 
high temperature. Int J Rock Mech Min Sci. 2013;62:51–58. https://doi.org/10.1016/ 
j.ijrmms.2013.03.014. 

18 Li XF, Li HB, Zhang QB, Jiang JL, Zhao J. Dynamic fragmentation of rock material: 
characteristic size, fragment distribution and pulverization law. Eng Fract Mech. 
2018;199:739–759. https://doi.org/10.1016/j.engfracmech.2018.06.024. 

19 Feng P, Xu Y, Dai F. Effects of dynamic strain rate on the energy dissipation and 
fragment characteristics of cross-fissured rocks. Int J Rock Mech Min Sci. 2021;138: 
104600. https://doi.org/10.1016/j.ijrmms.2020.104600. 

20 Zhang ZX, Kou SQ, Jiang LG, Lindqvist PA. Effects of loading rates on rock fracture: 
fracture characteristics and energy partitioning. Int J Rock Mech Min Sci. 2000;37: 
745–762. https://doi.org/10.1016/S1365-1609(00)00008-3. 

R.M. Ylitalo et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.ijrmms.2014.03.020
https://doi.org/10.1016/j.ijrmms.2014.03.020
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref2
https://doi.org/10.1080/13855140500082600
https://doi.org/10.1080/13855140500082600
https://doi.org/10.1016/j.ijrmms.2009.12.011
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref5
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref5
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref5
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref5
https://doi.org/10.1016/j.proeps.2015.08.143
https://doi.org/10.1016/j.proeps.2015.08.143
https://doi.org/10.1155/2015/907310
https://doi.org/10.1155/2015/907310
https://doi.org/10.1155/2020/6058086
https://doi.org/10.1016/j.ijrmms.2018.02.002
https://doi.org/10.1016/j.ijrmms.2018.02.002
https://doi.org/10.1016/j.oregeorev.2017.06.008
https://doi.org/10.1007/s00193-020-00958-9
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref12
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref13
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref13
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref13
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref14
http://refhub.elsevier.com/S1365-1609(21)00302-6/sref14
https://doi.org/10.1016/j.jrmge.2019.03.001
https://doi.org/10.1016/j.mineng.2006.02.004
https://doi.org/10.1016/j.ijrmms.2013.03.014
https://doi.org/10.1016/j.ijrmms.2013.03.014
https://doi.org/10.1016/j.engfracmech.2018.06.024
https://doi.org/10.1016/j.ijrmms.2020.104600
https://doi.org/10.1016/S1365-1609(00)00008-3

	Effect of detonator position on rock fragmentation: Full-scale field tests at Kevitsa open pit mine
	1 Introduction
	2 Rock conditions, explosive properties and blast parameters
	3 Theoretical analysis on detonator position in open pit blasting
	3.1 Stress distribution and energy efficiency
	3.2 Detonation time
	3.3 Stress wave superposition

	4 Field blasting tests at the Kevitsa mine
	4.1 Test blast design and conventional blast design
	4.2 Machine vision camera system
	4.3 Data uncertainties
	4.4 Test fields: reference and test areas

	5 Results
	6 Discussion
	7 Conclusions
	Declaration of competing interest
	Acknowledgements
	References


