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1. INTRODUCTION

The design and construction of tunnels soared 
recently in Korea due to an increase in building 
a metropolitan subway system, electric and 
communication culverts. Drilling methods for 
tunnels can be twofold: by machines and by blast 
using kinetic energy obtained from explosives. Of 
these methods, blasting is generally used due to its 
lower price than machine drilling. However, the 
blasting method causes public concern which is due 
to excessive overbreak and blasting pollution such 

as vibration and background noise. 
 Tunnel Theory suggests that the optimum 
ground design is to optimize the strength against 
which the circumference ground resists. Hence, it is 
desirable that a method to make the circumference 
ground around the blasting site have least damage. 
In actuality, the overbreak inside a tunnel during 
blasting is inevitable for the sake of construction 
convenience. However, if there is any excessive 
overbreak due to improper blasting, not only 
economic losses occur from an increase in the 
amount of low-grade ore to dispose of, an increase 

ABSTRACT: Blasting, using the shock and dynamic energy of explosives, is a very effective tunnel 
excavation method. However, it has two serious defects, namely vibration and noise. In a recent study 
however, it has been proven that the pre-cracking notch blasting method using a notch hole reduces the 
intensity of the damage and over-break caused by blasting in a tunnel. Thus, in this study, the method to 
develop a notch bit system for making a notch hole and to design a new blasting pattern is researched and 
examined. In order to make a notch hole effectively, several drilling experiments are carried out as changing 
length and height of a notch and a comprehensive notch bit system which consists of a normal bit, notch 
bit, adapter and notch guide is developed for the purpose of improving the speed and precision of drilling. 
Through a field test executed in this study, it is revealed that the pre-cracked notch excavation method 
reduces vibration by 30~50% and over-break by 1/3 in comparison to those caused by general blasting.



- 196 -

of shotcrete and lining concrete in use, as well as 
additional timbering, but also the stability of the 
tunnel can be at risk in that the vast damage zone 
on a rock mass around the tunnel can be created. 
Therefore, controlled blasting methods such as 
smooth blasting and pre-splitting are discussed and 
used to minimize the overbreak and the damage 
zone. 
 Smooth blasting is applied to the contour holes 
located at the outer layer of the tunnel’s blasting 
holes. The method is to minimize damage to the 
overbreak and rock mass by the decoupling effect 
induced by loading the explosives with a smaller 
diameter than the boring diameter. Pre-splitting is 
a method to minimize the overbreak and damage 
to rock mass from an actual blasting by blasting the 
contour holes in advance of the actual blasting to 
configure pre-splitting. However, their effectiveness 
to minimize the damage to a damage zone of a rock 
mass and to control overbreak are not satisfactory in 
that they cannot sufficiently control kinetic energy 
from the effect so that they cannot break the rock 
mass on the tunnel’s blasting points. The blasting 
method using notch holes can address problems of 
existing controlled blasting method by enlarging 
the stress concentration on the notch’s layers to 
create splits from the notch’s layers. 
 This method became popular both in and outside 
Korea due to its verified effect both theoretically 
and experimentally. In Korea, many are designed 
to excavate with no vibration to address blasting 
pollution problem. However, since there exist 
limitations for no vibration blasting to be used on 
site, many construction sites need the split blasting 
methods with only a little amount of kinetic stress. 
 In order to address blasting pollution and 
decrease overbreak, a patent on a blasting method 
was developed that applied the principle of the 
method to create pre-split at the contour holes to 
block the propagation vibration at a cut, and to 
enlarge contact surface around a cut, it applied 
short and long charge on the notch split in super 
holes. Hence, for the study, we appraised the 
appropriateness of notch equipment system by 
developing notch equipment system and applying 
it to construction sites. 

1.1	 Background	theory

Pre-splitting notch blasting is a method using the 
principles of notch effect, meaning that the stress is 
concentrated on the dented spots of a surface of a 

substance. The dented spots on a flattened material 
in patches/partially is called a ‘notch’ in the study 
of elasticity. 
 When kinetic impact energy is given to these 
spots, far more concentration of stress than other 
spots occurs so that the split and fragmentation are 
created around the notch by the increase of stress 
concentration affecting around the notch by the 
repetitive shock energy effect on the area. 
 When using Linear Elastic Fracture Mechanics, 
the stress can be obtained at a point close to the 
notch’s tip when the stress is given inside the 
circular holes where the notch is located. The 
answer is shown in the following Equation (1).

 (1)

Figure 1. Pressure distribution in the notch hole.

 Figure 1 shows the condition when the pressure 
is exerted inside the circular holes that contains a 
notch. KI can be obtained by Equation(2) when 
the pressure P acts toward the diameter direction 
which is vertical against the wall of the holes, and 
the pressure λP acts upon vertically against the wall 
of the notch.

 (2)

 In this case, the rate of pressure depends on the 
length of the notch that is exerted upon the wall of 
holes, the λ in the Equation (2) is 2.24 when the 
pressure acts upon the surface of the notch and 
when not, 1.12. 
 The principle of controlled split blast using 
notched-holes is illustrated in the Figure 2 based on 
Dally & Fourney (1977). The picture shows that the 
pressure that generates the split on the 5mm length 
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notched granite on a wall of φ50mm-blasting holes 
in diameter decreases by 50% from the 1mm length 
notch. Hence, boring holes notch causes a split from 
the notch geometries by enlarging the concentration 
of stress; decreases the pressure required to generate 
split; and at the same time effectively control 
the split from created on other walls. Therefore, 
when pre-split is generated following the notch by 
arranging notch holes at the holes on a drilling line, 
it is expected that the blasting pollutions can be 
addressed by blocking the propagation of vibration 
induced from the cut and the enlarged area as well 
as minimizing the damages and overbreak to the 
surrounding rock mass.

Figure 2. Changes in split pressure upon notch length 
(Dally & Fourney 1977).

2. DEVELOPMENT OF NOTCH DRILLING  
 EQUIPMENT

2.1	 Notch	bit

2.1.1	 Development	of	notch	equipment

In general, the boring of blasting holes of a tunnel 
is done by exerting the rotatory power and shock 
power. However, only shock power should be used 
in order to configure the notch holes, so separate 
equipment to control this matter is needed. To 
configure the notch holes for the first notch bit 
system, as shown in Figure 3, we first executed 
boring the circular blasting holes with a normal bit, 

then reloaded special bit that hangs a notch. In this 
case, a problem occurs in that it took twice longer 
boring time compared to existing method because 
the method generates the need for the secondary 
configuration process of notch holes. 

Figure 3a.

Figure 3b.

Figure 3a and 3b. First notch bit system. 3a) conceptual 
diagram of notch hole boring. 3b) notch bit.

 In order to simplify the duplicated construction 
process of first notch bit system into one process, 
we developed the second notch bit system as shown 
in the Figure 4. This model consists of a general 
boring bit, notch bit, and notch adaptor: boring 
bit drills the circular blasting holes using both the 
rotatory power and shock power just as the existing 
method; and the notch bit configures a notch with a 
shock power since the rotatory power is controlled 
by the notch adaptor.
 In order to verify the boring efficiency of 
completed notch bit system, we experimented 
a test at a site in the Inchon International Airport 
Railroad(IIAR). The lithology of the testing block 
is relatively fine gneiss-granite with unconfined 



- 198 -

compressive strength of 135MPa and RMR of 
65~80. Equipment used for boring is Jumbo Drill 
(TomRock Power Class) 2 Boom and the boring 
diameter is Ø45mm. We divided the boring pattern 
into the punching of blaster of 1.0m, 1.5m, and 
2.0m, measured the boring time that took after 
setting the boring equipment, and stroke the 
arithmetic average by the result of measuring ten 
times per each punching of blaster. The result is as 
shown below in the Table 1. The constructability of 
the first notch bit system was not favourable in that 
it took 1.6 times longer to bore than the existing 
method. However, it was verified that the boring 
time that took for the second notch bit system was 
almost the same as the existing method.

Figure 4a.

Figure 4b.

Figure 4. Second model boring concept and notch bit 
system. 4a) Second model notch boring. 4b) second model 
notch bit system.

Table 1. Comparison of boring times upon punching of 
blaster and bit types.

Drilling 
length

Time consuming(Average(10 ea))
Normal bit 1st notch bit 2nd notch bit

1.0m 58 s/ea 90 s/ea 59 s/ea
1.5m 82 s/ea 135 s/ea 85 s/ea
2.0m 111 s/ea 162 s/ea 113 s/ea

2.2	 Optimize	the	notch	bit	configuration	

Since the notch bit’s role is to enlarge circular 
holes during the boring process, it was thought 
that the boring efficiency depends largely on 
its configuration. Hence, we optimized the 
configurations by the repetitive test process with 
turning out the test bit, and we mainly concerned 
the usability of the formation of notch, directivity 
of notch slot, minimizing the abrasion rate by 
diversifying notch’s height(H), angle(θ) and 
length(L). See Figure 5. 

Figure 5. Notch bit.

2.2.1	 Notch	height(H)	and	angle(θ)

The study by Dally & Fourney (1977) (Figure 2) 
shows that the pressure causing splits diminishes 
significantly within around 10mm of height, but 
when higher than 10mm, it diminishes moderately.  
 For this study, we carried out a boring test by 
turning out the test bit setting the height of notch 
with 5, 8, 10, 15mm. The result is as shown in the 
Figure 6. Notch groove was barely made in 5mm, 
and in case of 15mm, it took too long for boring 
because the resistance from boring is too high and 
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the breakage of a bit was induced during every 
drawing. Hence, we decided it is appropriate that 
the notch height should be around 10mm.

Figure 6. average boring time according to notch tip 
heights.

 The angle of the notch is around 45°. The test 
was carried out using three types degrees: 45°, 30° 
and 70°. The notch tip of 70° is relatively small 
compared to 30° and 45°, so the degree is not 
favorable for the guide to sustain the direction of 
notch. In case of 30°, the abrasion rate is high in 
that its resistance is high during boring, and the 
boring speed increased. Therefore, considering the 
factors such as boring speed, abrasion rate, notch’s 
directivity, we decided 45° to use as a notch tip 
angle. 

2.2.2	 Selection	of	notch	length	

Length of notch has a very important influence on 
how straight a notch groove can be. If a notch bit 
is not long enough when drilling a notch hole, it is 
hard to expect notch effect, as notch groove is hard 
to remain straight due to turning force. In contrast, 
when a notch bit is too long, a notch groove remains 
straight. But it would increase damage on the bit, as 
growing resistance upon drilling causes a decrease 
in digging speed and increases resistance.
 In addition, we expected that intensity of rock 
would have an impact on length of a bit. Therefore, 
we conducted a hole-boring experiment by 
manufacturing test bits of 5, 10, 15 centimetre. As a 
result, the experiment didn’t find any displacement 
in directions of all the three kinds of bit. However, 
we failed to drill a notch hole with 5 centimetre 
bit, because the bit lost planned direction before 
interpenetration due to a bumpy surface. So we 

concluded that length of notch should be at least 
10 centimetre in order to form a notch groove as 
designed.

Figure 7a.

Figure 7b.

Figure 7. Test bits and a bored notch hole. 7a) Test bits 
(5,10cm). 7b) A bored notch hole

2.2.3	 Selection	of	notch	shape	

The results of the experiment on notch bit length 
showed that 10 centimetre notch is the best among 
5, 10 and 15 centimetre lengths. However, we 
observed that even with 10 centimetre notch, going 
through recession when drilling, some of notch tips 
were broken from strong resistance due to sludge 
accumulation. Aiming to solve the problem, we 
conducted a boring test by making changes on notch 
shape to reduce resistance, as shown in Figure 7.
 The test found out that drilling speed for one 
layered sloped notch bit is not quite different 
from speed for one layered notch. However, we 
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made progress on constructability, as resistance 
in drawing after drilling reduced. However, in this 
case, both sides of a notch bit cannot be used, so 
life span of a notch bit is reduced by half. In order 
to improve such problem, given that existing 5 
centimetre bit doesn’t experience resistance upon 
drawing, we formed a 5 centimetre notch in the 
center and a 2.5 centimetre notch both on the left and 
the right side, thereby inventing two layered notch 
bit. By developing this notch bit, we succeeded in 
complementing drawbacks of the existing notch 
bit.

Figure 8a.

Figure 8b.

Figure 8. One layered sloped notch bit and two layered 
notch bit. 8a) One layered sloped notch bit. 8b) two 
layered notch bit.

2.3	 Notch	adapter

Notch adapter is equipment for controlling turning 
force of notch bit to convey only shock power, as 
shown in Figure 9(a). We experienced problems 
early of a lack of durability and sludge accumulation, 
as there have been constant shocks on notch adapter 
and contact surface of a notch bit and there have 

been damages caused by frictional heat generated 
from turning force control. In order to improve 
those problems, we built a bearing. But the bearing 
failed to survive shocks and consequently suffered 
damages. We figured out with experts’ help that 
so called hydroplaning phenomenon could be an 
answer to the problem and solved it by making a 
waterway, as shown in Figure 9(b).

Figure 9a.

Figure 9b.

Figure 9. New notch adapter. 9a) Notch adapter. 9b) 
Waterway.

2.4	 Notch	guide

Notch guide is equipment for making a notch as 
designed by controlling directions of notch bit. We 
reduced weight of a notch guide to 8kg to build it 
into U part of a jumbo drill head, as shown in Figure 
10(a) and ensured durability with building a bushing 
part and a spring part, which reduce damages from 
shocks and friction, as shown in Figure 10(b).
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Figure 10a.

Figure 10b.

Figure 10. Final notch guide model and details. 10a) Final 
notch guide model. 10b) Details of final notch guide.

3. CASE STUDY OF CONSTRUCTION 
 TECHNOLOGY WITH NOTCH EQUIPMENT 

3.1	 Outline	

This case was built based on a section (171m) of 
a tunnel excavation work as a part of a second 
engineering work for the Incheon international 
airport railroads. The section crosses downtown 
area. As shown in Figure 11, the section was 
designed with oil pressure cut excavation method, 
because of concerns about stability of structures 
nearby. See Figure 12.

3.2	 Application	of	pre-splitting	notch	rock		
	 blasting	method	

Pre-splitting notch rock blasting method is a 
method designed to minimize vibration. It applies 
notch hole to contour hole at the beginning point 
of excavation work in order to block vibrating 

electric wave. It also applies super hole to control 
vibration in initial cut, increases blasting holes by 
50% and reduces weight per delay by carrying out 
short and long charge. In this study, we conducted 
up to 35 excavation construction applying general 
excavation method 5 times, pre-splitting notch 
blasting method 1 to 15 times, and pre-splitting 
notch rock blasting method 1 to 15 times, in order 
to compare those methods. We measured vibration 
and overbreak in every second and third spot and 
analyzed the results.

Figure 11. Conditions on the site.

Figure 12. Pre-splitting notch rock blasting pattern.
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 For vibration measuring, we used DS-677, 
manufactured by Istantel, which can gauge 
factors such as displacement, speed, acceleration, 
frequency, and air blast. The location where the 
test was conducted crosses at right angles with the 
tunnel and we gauged 35 data per construction. 
As Figure 13 shows, it is proven that pre-splitting 
notch blasting method and pre-splitting notch rock 
blasting method cut down vibration by more than 
30 percent and by about 50 percent, respectively, 
compared to general blasting method

.

Figure 13. Regression result of vibration.

 We measured overbreak in the tunnel using 
SET2010, as shown in Table 2. As a result, we 
saw 16 centimetre overbreak on crown and 11 
centimetre overbreak on spring line when using 
general blasting method, but 10 centimetre and 
11 centimetre overbreak in crown and spring 
line respectively when using notch pre-splitting 
blasting method. Overbreak on crown was reduced 
by 6 centimetre, a third, though we didn’t see a 
noticeable change in overbreak on spring line. 
Accordingly, it is expected that application of notch 
pre-splitting blasting method will contribute not 
only to reduction of overbreak and of rock floor 
damage, but to stability of tunnel, when general 
blasting.

4. CONCLUSION

The existing researches on notch hole blasting have 
been focused on notch effect. So methods used 
in those researches have mostly been computed 
simulation and experiment with a model. This 
research aimed to develop equipment for notch bit 
system and to design reasonable blasting patterns in 
order to adopt pre-cracking notch blasting method 
to tunnel design and construction. The research 
came up with the following conclusion.

X(m) Y(m) Overbreak(cm) Schematic view of measurement of overbreak
1 -6.020 125.387 10.6
2 -5.814 126.945 9.7
3 -5.213 128.397 10.6
4 -4.256 129.644 11.6
5 -3.010 130.601 10.6
6 -1.558 131.202 12.7
7 0 131.407 11.2
8 +1.558 131.202 12.1
9 +3.010 130.601 12.1
10 +4.256 129.644 10.6
11 +5.213 128.397 10.5
12 +5.814 126.945 11.1
13 +6.020 125.387 8.8

Avg. 10.94

Table 2. Samples of results of overbreak measuring after notch-blasting.
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General blasting Notch blasting
Graph that analyzes overbreak on crown

Roof Wall Roof Wall
1 16.7 11.7 10.8 12.1
2 18.7 12.5 11.2 12.5
3 16.1 12.1 9.2 11.1
4 14.7 13.6 9.3 9.7
5 16.1 11.3 8.7 8.7
6 14.5 10.6 12.1 12.5
7 16.1 9.7 11.3 10.6
8 15.7 12.3 12.4 9.2
9 16.1 12.4 12.7 10.3
10 17.6 8.6 10.6 9.2
11 16.1 9.7 8.7 11.5
12 15.1 10.7 6.8 13.2
13 16.4 13.2 10.8 10.9
14 14.3 11.7 12.6 13.2
15 16.2 13.6 13.5 11.1

Avg 16.3 11.58 10.71 11.05

 1) We developed a notch bit system which 
consists of a boring bit, a notch bit, an adapter, 
and a guide. The system helped reduce boring 
time for a notch hole to the level of boring time 
for a regular hole. 

 2) We made height, angle and length most 
suitable to ensure notch effect and to minimize 
damage and abrasion. 

 3) We ensured durability and economic efficiency 
by building springson a guide and building a 
bushing in the back in order to remove sludge 
and to prevent damages on the guide. 

 4) We compared pre-cracking notch blasting 
method and pre-cracking notch rock blasting 
with regular blasting method by applying 
those methods to actual tunnel construction. 
Accordingly, we saw 30% vibration decrease 
with pre-cracking notch blasting method and 50 
% decrease with notch rock blasting method. 

 5) When applying notch method to the 
beginning point of tunnel excavation, overbreak 
was reduced by one third compared to existing 

methods. Also, it is expected that a notch will 
contribute to stability of tunnel, as a permanent 
structure, since reduction in overbreak results in 
decrease in rock floor damage. 
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ABSTRACT: It is reported in the literature that from the use of air decks in the bottom of blast holes 
important advantages such as the reduction of sub-drilling and blast vibrations and a better toe breakage can 
be achieved. Published reports however only point out a very general estimation of these results. In order 
to find out, whether the use of air decks in small diameter blast holes (90 -100 mm) would also provide 
the above mentioned benefits, the Chair for Mining Engineering at the University of Leoben formed a 
project joint venture with three Austrian quarries and the Federal Ministry of Economics and Labour. In 
the frame of a field project more than 20 full scale test blast were carried out and a detailed analysis of the 
toe breakage and the resulting blast vibrations was done. While the general handling of the air decks in all 
quarries was quite easy and the toe breakage was satisfying, the blast vibration results were found to be 
highly varying.

1. INTRODUCTION

Working at the bottom of a bench face in a quarry 
is seen increasingly critical regarding the safety of 
employees. However when blasting with vertical 
drill holes and horizontal bottom holes (toe holes 
or lifters), working at the bottom of a bench face 
cannot be avoided. The safety risk on the floor of 
a bench face does not only exist while drilling but 
especially also while charging the blast holes. In 
particular this charging work is connected with a 
high safety risk and it can be repeatedly observed 
that workers at the bench face are to a large extent 
unprotected while charging horizontal bottom 
drill holes and are usually not able to pay enough 
attention to falling rocks. Working at the bottom 

of a bench face is estimated as quite critical, if 
the bench height exceeds some metres. Personal 
protective equipment is normally not sufficient to 
meet the danger accordingly.
 But the use of horizontal bottom drill holes 
has a long tradition in quarry blasting in Austria, 
because in general a very good toe breakage can be 
achieved after blasting. A good breakage of the toe 
after blasting is on the one hand essential for a high 
productivity during loading and haulage and on the 
other hand important for the estimation whether the 
blast holes have detonated completely. A bad toe 
breakage at the bottom of the bench face is not only 
an indication of insufficient blasting, but can also 
be due to an incomplete detonation of the charges 
in the drill holes. Bad toe breakage is usually the 
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subject of secondary blasting. Therefore additional 
drill holes are needed. But this is creating a safety 
risk, because boot holes with explosive inside 
can still exist. The statistics of blasting accidents 
show that such misfires frequently cause blasting 
accidents. 
 Using horizontal bottom holes normally 
guarantees good toe breakage. A comparable result 
is difficult to reach by vertical drill holes with sub-
drilling. Working without horizontal bottom holes 
requires on the one hand a much higher quality 
(accuracy) of drilling and on the other hand a much 
more precise layout of the blast. Experience shows 
that the realization of high-quality drilling and 
blasting work is quite difficult in quarries in Austria 
and Europe.
 Another fact, which motivates companies to use 
horizontal bottom drill holes for blasting, is that the 
combination of horizontal and vertical drill holes 
leads to lower ground vibrations. Experience in 
quarries in Austria shows that high sub-drilling of 
vertical drill holes may be one of the reasons for 
higher ground vibrations. Due to the sensitivity of 
the population against ground vibrations and the 
proximity of many quarries to residential areas, 
horizontal bottom drill holes are therefore frequently 
used as an action to reduce ground vibrations.
 One of the possible alternatives to blasting 
without horizontal drill holes is the application 
of air-decks in the bottom of the vertical drill 
holes. That means, a range between 0.5 metre and 
1.5 metres in the vertical drill hole bottom is not 
charged with explosives and sealed off by means 
of a plug. The explosive column is put on the top 
of this plug. During the explosion (ignition in the 
drill hole bottom is preferred) the plug is subjected 
to an impact, generating a shock wave in the void of 
the blast hole. This effect of releasing a shock wave 
into the unloaded void happens in an air filled as 
well as in water filled drill holes.
 It is assumed that the shock wave induced 
in the uncharged void of the drill hole runs into 
the hole bottom and induces a shear wave in the 
surrounding rock. This shear wave is estimated to 
be responsible for the fact that a shearing crack is 
formed perpendicular to the drill hole. In this way a 
good toe breakage can be reached after blasting.    
 The installation of a bottom air-deck in a drill 
hole can be achieved with various patented systems: 
Some systems use a packer to seal the drill hole by 
using compressed air, other systems use packers 

that are inflated by chemical components under the 
formation of carbon dioxide. Other systems on the 
market use a pipe, which is put into the bottom of a 
hole.
 The following advantages are reported from the 
use of air decks in the bottom of boreholes:
− Elimination of horizontal drill holes
− Reduction of sub-drilling
− Reduction of ground vibrations
− Improvement of bench toe breakage after 

blasting
− Improvement of blast fragmentation in the drill 

hole bottom 
 Published reports however only point out a very 
general estimation of these results. Quantitative 
values regarding the advantages mentioned above 
are hardly quoted in such reports. Not because they 
are unsound, but because it is difficult to collect 
quantified data from large-scale blasting. 
 However, available reports generally gave the 
impression that it is possible to eliminate horizontal 
bottom holes by using air-decks put into the bottom 
of vertical blast holes.
 Against this background a project group, 
coordinated by the Chair of Mining Engineering at 
the Department Mineral Resources and Petroleum 
Engineering (University of Leoben), was formed 
in 2005 in Austria. The following partners were 
involved in the work of this group: 
− Asphalt and Beton GmbH Nachfolger OHG, 

European aggregate producer
− Bitustein and Straßenbau GmbH, Austrian 

aggregate producer
− Chair for Mining Engineering, Department 

Mineral Resources and Petroleum Engineering, 
University of Leoben 

− Federal Ministry of Economics and Labour, 
Section labour law and inspection

− Wietersdorfer and Peggauer Zementwerke, 
European limestone and cement producer

 The project group intended to investigate 
whether bottom air decks could be an alternative to 
blasting with horizontal bottom holes (lifters) under 
typical blasting conditions in an Austrian quarry.
  The main objective of the project work was 
to find out whether blasting results comparable 
to standard blasting can be achieved with using 
bottom air decks. Further, it was important to 
investigate whether air-decks can eliminate sub-
drilling and reduce ground vibrations. The Power 
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Deck Company agreed to support the project and 
provided Power Deck™Plug air-deck systems for 
free.

2. AIM OF PROJECT WORK

The air deck project aimed at getting blasting 
results comparable to standard blasting (horizontal 
and vertical blast holes) regarding the toe breakage, 
by using bottom air-decks in vertical drill holes 
with diameters of 90 mm. Furthermore it should 
be examined whether bottom air-decks are able 
to eliminate sub-drilling and as a consequence 
reduce ground vibrations. And the investigations 
also should demonstrate whether an improvement 
of the bench floor conditions after blasting can be 
achieved with the same or decreased consumption 
of explosive.
 The following program was carried out in the 
frame of the project work:
− Documentation of the current standard blast 

work in the three participating quarries 
− Carrying out a series of blasts by using bottom 

air-decks 
− Analysis of  experimental tests, interpretation of  

results and comparison of air-deck blasting with 
standard blasting 

 A period of 5 months from May 2005 to end 
of September 2005 was defined initially for 
experimental research and interpretations. But it 
turned out that a larger number of tests had to be 
carried out for a better understanding of air-deck 
blasting. And for this reason the work was extended 
until the end of 2005. 
 The air deck project was supported by the Power 
Deck company not only by the free supply of air-
decks, but also by providing Dr. Frank Chiappetta, 
an international renowned blasting expert, for the 
design and implementation of the first air deck tests 
in small 90 mm diameter drill holes.

3. ACTUAL STATE OF BLASTING IN  
 PARTICIPATING QUARRIES

3.1 General

To have a good basis for the comparison of the new 
air-deck blasts with standard blasting it was decided 
to shoot at least one fully controlled standard blast 
in each quarry. The data measured for the standard 

blast were backed up by data monitored for routine 
blasting in the quarries. This provided a good data 
basis for the standard blast work. The following 
data were monitored during the controlled standard 
blast:
− Survey of bench face geometry
− Survey of drill holes
− Documentation of charge work
− Measurement of ground vibrations at known 

positions
− Estimation of muck pile, bench face and bench 

floor after blasting
− Estimation of loading work time for the muck 

pile

3.2 Quarry Eibenstein of Bitustein  
 & Straßenbau GmbH

Table 1 shows typical blasting parameters for the 
blast work in the quarry Eibenstein monitored over 
a long period.

Table 1. Standard blasting parameters in the Eibenstein 
quarry.

Standard blasting parameter Eibenstein
Parameter value unit

Number of drill holes 7 - 10 -
Diameter of drill holes 90 mm

Drill hole depth 10.0 – 12.0 m
Inclination 70 °

Burden 3.5 m
Spacing 4.2 m

Sub-drilling 1 m
Ignition NONEL -

 For data verification a standard blast was shot 
on 19.05.2005 (blast 420-3/2005) in the quarry 
Eibenstein. For this blast round the blast holes 
had zero sub-drilling to determine whether a rise 
of the bench floor would happen after blasting. 
The volume of the blast was 1,455 m3 (4,307 tons) 
and the explosive consumption was 392 kg. This 
resulted in a powder factor of 270 g/m3 (Table 2).
 The results of the standard blast 420-3/2005 can 
be summarized as follows:
− Fragmentation was satisfying. There were no 

boulders visible on the surface of the muck pile 
− Back breakage was 1 m in some parts
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− Ground vibrations showed the following values
Geophon 165:  D = 400 m, Charge/delay = 43.6 kg 

vmax = 0.32 mm/s
Geophon 208:  D = 500 m, Charge/delay = 43.6 kg 

vmax = 0.85 mm/s 
 The result of blast 420-3/2005 can be described 
as usual. But however there was a slight rise of the 
bench floor as expected because of blasting without 
sub-drilling.

Table 2. Blast 420 – 3/2005.

Blast 420 - 3/2005 in Eibenstein quarry
Parameter value unit

Number of drill holes 9 -
Diameter of drill holes 90 mm

Drill hole depth 10 – 1.4 m
Inclination 70 °

Burden 3.5 m
Spacing 4.2 m

Sub-drilling none  m
Charge/delay 43.6 kg

Consumption of explosives 392.5 kg
Ignition NONEL  -

3.3 Quarry Peggau of Wietersdorfer and  
 Peggauer Zementwerke

Table 3 shows typical blasting parameters in the 
quarry Peggau. 
 A standard blast for data verification was carried 
out in the quarry Peggau on 28.04.2005 ( blast 19 
at North bench V with 14 vertical and 11 horizontal 
bottom holes). The volume of the blast was 4,771 m3 
(11,929 tons) and the total explosive consumption 
was 1,320 kg. This resulted in a powder factor of 
276 g/m3 (Table 4).
 The results of standard blast 19 can be 
summarized as follows:
− A few bigger boulders in the muck pile, but 

efficient loading with a hydraulic shovel was 
possible

− Good quality of bench face
− Ground vibrations showed the following values
Betriebsgelände, Brückenwaage: D = 450 m, 
Charge/delay = 96.6 kg; vmax = 0.7 mm/s
Lurgrotte, Drei Zinnen: D = 300 m, Charge/delay = 

96.6 kg; vmax = 0.5 mm/s
Schlosserei Kalkwerk: D = 400 m, Charge/delay = 
96.6 kg; vmax = 1.1 mm/s 
 The result of the standard blast 19 can be 
described as usual.

Table 3. Blasting parameters of standard blasts in the 
quarry Peggau.

Standard blasting parameter Peggau

Parameter vertical 
holes

horizontal 
holes unit

Number of 
drill holes 13 - 30 if necessary -

Diameter of 
drill holes 90 90 mm

Drill hole 
depth

10.0 
– 30.0 5.5 – 6.5 m

Inclination 75 -5 °

Burden 4.0 – 5.5 none m

Spacing 4 2 m

Sub-drilling 1.5 keine m

Ignition electronic electronic -

Table 4. Blast 19 in the Peggau quarry.

Blast 19 in Peggau quarry

 Parameter vertical 
holes

horizontal 
holes

 unit

Numbers of drill 
holes

14 11 -

Diameter of drill 
holes

90 90 mm

Drill hole depth 10-20.5 5.5 – 6.5 m

Inclination 75 -5 °

Burden 3.9 – 5.8 no m

Spacing 4 2 m

Sub-drilling no no m

Charge/delay 96.9 - kg

Consumption of 
explosives

1,320 - kg

Ignition electronic electronic -
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3.4 Quarry Jakomini of Asphalt and Beton  
 GmbH Nachfolger OHG

Surveying of standard blasting as well as 
experimental blast work with air-decks in the 
Jakomini quarry was carried out within the scope of 
a Master thesis (Oberrauner 2006). 
 It is difficult for the Jakomini quarry to specify 
values for standard blasting. The blast work is 
strongly influenced by highly varying conditions. 
In addition the close proximity of the benches to a 
processing plant frequently does not allow standard 
blasting. However Table 5 tries to specify typical 
blasting parameters in the Jakomini quarry based 
on the analysis and documentation of blast work in 
the Master thesis of Oberrauner 2006.

Table 5. Blasting parameters in the Jakomini quarry.

Standard blasting parameter Jakomini quarry
 Parameter value unit

Numbers of drill holes 8.0 – 20.0 -
Diameter of drill holes 89 mm

Drill hole depth 20 - 25 m
Inclination 74 °

Burden 3.5 m
Spacing 4 m

Sub-drilling 1.2 m
Ignition electric -

 Blast 7 was chosen as an example to represent 
standard blasting. Blast 7 took place on 16.06.2005, 
located at bench 3b. The volume of the blast was 
2,500 m3 and 7,375 t respectively and the total 
explosive consumption was 901 kg. This resulted 
in a powder factor of 360 g/m3. Details of blast 7 are 
shown in Table 6.
 The results of standard blast 7 can be summarized 
as follows:
− Loading was possible with the hydraulic shovel. 

But due to the bad fragmentation of the muck 
pile ripping was necessary

− Secondary blasting had to be carried out because 
of the bad toe breakage

− Ground vibrations showed the following value
Hermsberg 4: D = 600 m, Charge/delay = 114.3 kg; 
vmax = 0,48 mm/s

Table 6. Blast 7, Jakomini.

Blast 7 in Jakomini quarry
 Parameter  value unit 

Number of drill holes 8  
Diameter of drill holes 89 mm

Drill hole depth 20.3 – 20.8 m

Inclination 1st row: 75; 
2nd row: 80 °

Burden 4.6 m
Spacing 5 m

Sub-drilling 1.2 m
Charge/delay 114.3 kg

Consumption of 
explosives 901 kg

Ignition NONEL  

4. AIR DECK BLASTING

4.1. General 

The blasting tests with bottom Air-Decks were 
realised with the Power Deck system. The Power 
Deck™Plug system consists of a wooden dowel, 
a flexible plastic tulip cup on the upper end and a 
smaller plastic cup on the lower end of the dowel. 
Cuttings or gravel are placed inside the upper tulip 
plug as well as inside the lower cup (Figure 1). The 
Air-Deck is dropped down the borehole creating 
a void below itself either filled with air or water 
(length depending on the wooden dowel). The 
primer cartridge is pushing apart the filled tulip 
plug and sealing off the air or water chamber by 
creating the Power Deck.
 The air column below the plug provides the 
free face for the blast energy. When fired (ignition 
preferable in the bottom of the blast hole above 
the Power Deck), the result is a ‘piston effect’ 
that heavily increases the pressure in the bottom 
of the hole and induces a shock wave. Where the 
hole bottom meets the hole wall, the pressure 
wave causes a pre-split effect that propagates from 
hole bottom to hole bottom. This results in a flat 
horizontal and eliminates the need for sub-drilling. 
A detailed description of how the system works 
and the mechanism behind can be found at: www.
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powerdeckcompany.com - Technical Papers.

Figure 1. Power Deck™Plug.

4.2 Design of Air-Deck Blasts

4.2.1 Quarry Eibenstein of Bitustein & 
Straßenbau  
 GmbH

The target for using power decks in the quarry 
Eibenstein was to reduce blast vibrations and the 
amount of sub-drilling.
 Sub-drilling of 0.5 m was selected for the 
first blasting with Air-Decks (test AD1). This 
corresponds to a reduction of 50 % compared to 
the usual sub-drilling. Therefore Air-Decks with 
an overall length of 0.55 m were used. Apart from 
the reduction of sub-drilling the blast geometry was 
unchanged. The length of the bottom charge was 
the same as with standard blasting, but the length 

of the column charge was shortened by the length 
of the Air-Deck. Chippings with a grain size of 4/11 
were placed inside the tulip plastic plug. 
 Based on experiences from test AD1 the 
firing sequence was changed and the following 
modifications were carried out in test 3 (AD8) and 
test 4 (AD9):
− The length of the Air-Decks was extended to  

1 m
− The mass of the primer cartridge above the Air-

Deck was doubled to improve the explosive 
charging factor in the drill hole (Austrogel G2, 
80 x700)

− The inclination of the drill holes was increased 
to 85 ° and sub-drilling was reduced to zero

 Table 7 gives a general overview of Air-Deck 
blasting in the quarry Eibenstein.

4.2.2 Quarry Peggau of Wietersdorfer and  
 Peggauer Zementwerke

In the quarry Peggau the tests should show whether 
the elimination of horizontal bottom drill holes and 
the reduction of sub-drill gives good toe breakage 
results. 
 The first test AD2 was carried out with an Air-
Deck length of 0.55 m and sub-drilling of 0.5 m. 
Further blasting parameter remained unchanged. 
For the tests AD5, AD7 and AD11 the length of 
the Air-Decks was extended to 1 m. In addition test 
AD7 was carried out with a primer cartridge with a 
larger diameter (Austrogel G2, 80 x 700).
 Table 8 gives a general overview of Air-Deck 
blasting in the quarry Peggau. Both single and 
double row blasts were carried out. AD 2, 5 and 11 
were double row blasts.
 Sometimes due to the bad quality of the boreholes 
the Power Decks got stuck during charging. For 
this reason cuttings were placed into the small 
plastic cup at the end of the dowel. This improved 
the loading of the Power Decks in the boreholes 
significantly. 

4.2.3 Quarry Jakomini of Asphalt and Beton  
 GmbH Nachfolger OHG

The Air-Deck tests in the quarry Jakomini aimed at 
enhancing the blast fragmentation and at improving 
the quality of the bench floor. 
 Test AD4 was made with an Air-Deck of 0.55 
m and a sub-drilling of 0.5 m. The length of the 
Air-Decks was extended to 1 m for the second test 
AD10 and a primer cartridge (Austrogel G2, 80 x 



700) with a larger diameter was used. 
 Table 9 gives a general overview of Air-Deck 
blasting in the quarry Jakomini.

5. STANDARD BLASTING IN COMPARISON  
 TO AIR DECK BLASTING 

5.1 Quarry Eibenstein of Bitustein  
 & Straßenbau GmbH

Table 10 shows, that Air-Deck blasting was done 
like standard blasting regarding the geometry 
and blast design. The following parameters were 
different:
− Reduction of column charge for the Air-Deck 

length 

− Elimination of sub-drilling 
− Change of firing sequence from test AD3 on
− Increasing of borehole inclination to 85° for test 

AD8 and AD9 
 The powder factor of all Air-Deck tests is 
comparable but overall the explosive consumption 
was 10 % reduced because of the shorter column 
charge length.  
 The first test AD1 (blast 420-4/2005) resulted in 
a bench level with bad quality. Toe breakage was 
bad. These toes were located between the blast 
holes. The reasons for the bad toe breakage were 
estimated to be due to a too low energy concentration 
in the toe part and due to a wrong firing sequence 
against the dip of the rock mass. For test AD3 and 
the following tests the firing sequence was changed 
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Eibenstein
Drill holes

Burden Spacing Sub-drilling Air Deck 
length

Charge/ 
delay

Total 
chargeNo Diameter Length Inclination

AD-Trial Blast [-] [mm] [m] [°] [m] [m] [m] [m] [kg] [kg]

1 420-4/2005 8 90 12.3 – 12.8 70 3.5 4.2 0.5 0.55 47.7 381.3

3 430-5/2005 10 90 12.3 – 13.6 70 3.5 4.2 0.5 0.55 44.5 445

8 410-05/2005 7 90 11 – 12.1 85 3.5 4.2 0 1 37.1 260

9 410-06/2005 9 90 10.2 – 11.3 85/70 3.5 4.2 0/0.5 1 43.3 390

Table 7. Layout of Air -Deck blasts in the Eibenstein quarry.

Peggau
Drill holes

Burden Spacing Sub-
drilling

Air 
Deck 
length

Charge/ 
delay

Total 
chargeNo Diameter Length Inclination

AD-Trial Blast [-] [mm] [m] [°] [m] [m] [m] [m] [kg] [kg]

2 22 25/ AD 11 90 25.5 – 30.5 1.R:74; 2.R:75 4.3 – 5.6 4 0.5 0.55 101 2,901

5 26 25 90 13 1.R:74; 2.R:75 4.3 – 6.3 4 0.5 1 57 1,237

7 28 13 90 19 - 30 73 4.5 – 6.3 3.5 - 4 0.5 1 84 1,619

11 37 43 90 28 - 30 1.R:73; 2.R:74 4.5 – 6.3 4 0.5 1 86 5,791

Table 8. Design of Air -Deck blasting, Peggau.

Jakomini
Drill holes

Burden Spacing Sub-
drilling

Air Deck 
length

Charge/ 
delay

Total 
chargeNo Diameter Length Inclination

AD-Trial Blast [-] [mm] [m] [°] [m] [m] [m] [m] [kg] [kg]

4 9 21 89 23 80 3.5 4.5 0.5 0.55 124 2,200

10 10 11 89 21 85 3 - 3.5 4.5 0 1 116 722

Table 9. Design of Air -Deck blasting, Jakomini.
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with the dip of the rock mass. This resulted in good 
toe breakage and a rather flat bench bottom of good 
quality.
 Regarding fragmentation the tests with Air-
Decks showed no difference compared with 
standard blasts. The quality of the muck pile was 
satisfying. Only in the first two tests boulders 
were seen on the surface. However these boulders 
haven’t been a problem for haulage. The muck pile 
seemed to be fine broken. All tests showed half 
casts on the bench face, which can be interpreted as 
good dimensioning of blasting (burden : spacing).
 Table 11 and Figure 2 show an analysis of the 
blast vibrations. In general the impression is given, 
that ground vibrations of Air-Deck blasting are in 

the same range as ground vibrations of standard 
blasting. In detail the analysis showed partly 
lower values (Planer), partly the same values 
(Kerschbaum) and also slightly higher vibration 
values (Pfarrhaus). Overall it must be said, that too 
few measured values are available for deriving a 
significant trend concerning an increase or reduction 
of ground vibrations when using Air-Decks.
 Experience, made with Air-Decks in Eibenstein 
can be described as very good. Air-Decks are easy 
to handle and quick to mount. So there is no time 
delay while charging. The Air-Decks went down to 
the bottom of the drill holes in every test without any 
problem. Furthermore the use of a primer cartridge 
with a larger diameter was successful. The primer 

Table 10. Blasting parameter and energy input, Eibenstein.

Table 11. Blast vibrations in the Eibenstein quarry



cartridge with a diameter of 80 mm was inserted 
in 90 mm drill hole without difficulty. Except for 
test AD1 no reduction of the quality of bench toe, 
the muck pile fragmentation and bench face was 
observed. All testing results except for AD1 were 
satisfying.
 The tests showed, that blasting with a 1 m long 
Air-Deck and a quite big priming charge in 85° in-
clined  90 mm vertical drill holes, gives a good toe 
breakage even without sub-drilling.

5.2 Quarry Peggau of Wietersdorfer and  
 Peggauer Zementwerke

Tables 12 shows that Air-Deck blasting was done 

like standard blasting regarding the geometry and 
blast design. Only the following parameters were 
different:
− Reduction of primer charge for the Air-Deck 

length
− Reduction of sub-drilling to 0,5 m (shortening 

for 1 m)
 A reduction of 15 % in explosive consumption 
was reached due to Air-Decks and the powder fac-
tor was 235 g/m3 on average.
 The quality of the bench floor can be described 
as good for all Air-Deck tests in the quarry Peggau. 
Only in test AD2 a small toe remained in the centre 
of the blast. The reason for that was a cave in the 
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Figure 2. Analysis of ground vibrations, Eibenstein.

Table 12. Blasting parameter and energy input, Peggau (partly horizontal drill holes).
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middle of the bench height and so only the left part 
of the blast was loaded with Air-Decks. This rock 
mass was broken and therefore digged away with-
out problems by means of a hydraulic shovel. Back 
breakage and fragmentation of Air-Deck blasting 
was in the range of standard blasting.
 Regarding the ground vibrations in Table 13 it 
can be noticed, that tests AD7 and AD11 showed 
higher ground vibrations in all three measuring 
points compared to the values from standard 
blasting from 2001 to 2005.
 Standard blasts have the following vibration 
values on average:
− Lurgrotte (Drei Zinnen); blast in northern area: 

0.77 mm/s
− Schlosserei Kalkwerk; blast in northern area: 

1.2 mm/s
− Versandgebäude / Brückenwaage; blast in 

northern area: 1.02 mm/s
 In consideration of these mean values of several 
years the ground vibrations of Air-Deck blasting are 
slightly higher. But again because of the limited data 
it can not be evaluated whether the higher ground 
vibrations are a matter of statistical variations or a 
significant increase.
 In the Peggau quarry the Air-Decks were easy 
to handle as well and could be integrated into the 
charging work without any difficulty. Sometimes 

due to bad borehole quality more cuttings had to 
be placed inside the cups to increase the weight of 
the Power Deck for a more easy inserting of the 
Power Decks into the borehole. The use of a primer 
cartridge with a diameter of 80 mm didn’t work in 
the 90 mm drill holes, because of the bad quality of 
the boreholes. The primer cartridges got stuck most 
of the time.
 All blasts in Peggau showed a good bench 
quality after loading the muck pile. Half casts were 
partly visible at the bench face, which indicates low 
back breakage and a good layout of the blast. The 
muck pile showed a fine fragmentation. 

5.3 Quarry Jakomini of Asphalt and Beton 
GmbH  
 Nachfolger OHG

Standard blasting compared to Air-Deck blasting in 
the quarry Jakomini is illustrated in Table 14. The 
following can be noticed:
− Burden and spacing remained unchanged
− Sub-drilling was reduced for 1 m 
− The length of the primer charge was shortened 

for the length of the Air-Deck 
− Explosive consumption was quite the same with 

and without Air-Decks
 As already mentioned above, due to the frequent 
change in blasting conditions practically no 

Table 13. Blast vibrations in the Peggau quarry.

Table 14: Blasting parameter and energy input, Jakomini.
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standard blasts are carried out in the quarry and for 
this reason more or less no standard blasting data 
are available. So it was difficult to do a comparison 
with Air-Deck blasting under these circumstances.
 Generally speaking it can be said, that the 
use of Air-Decks in the quarry Jakomini was not 
a success. Both tests with Air-Decks resulted in 
a bad toe breakage. In test AD4 the remaining 
part was 4.5 x 10 m big and occurred in the front 
area of the bench. The reason could be a too low 
energy input in the bottom part of the blast. In test 
AD10 rock mass remained in the left area of the 
bench. Responsible for that was a too small charge 
concentration because one drill hole could not be 
loaded with explosives.
 The Air-Decks were easy to handle and there 
were no difficulties placing them in the bottom 
of the drill holes. Also in this quarry the use of a 
primer cartridge with a diameter of 80 mm was not 
successful in a 90 mm drill hole. Specially in water 
filled holes it was not possible to bring the cartridges 
down. The toe didn’t break completely in both Air-
Deck tests. The bench faces were in good condition 
after blasting. However rock sliding occurred in 
some parts of the bench face because of geology. 
The muck pile was fine broken and without large 
boulders on the muck pile surface.
 Regarding the rather bad results of the Air-Deck 
tests in the quarry Jakomini, it must be mentioned 
that the blasting conditions during the test campaign 
were far from ideal. According to this no conclusion 
can be drawn whether Air-Deck blasting can be 
successfully applied in the Jakomini quarry or not. 

6. CONCLUSIONS

6.1 General impression

During the tests it turned out that the Air Deck 
System Power Deck is very easy to handle and can 
be placed very well in drill holes with a diameter of 
90 mm. The amount of work and time required to 
mount and position the Air-Deck in the drill hole is 
small. It is not time consuming to integrate the use 
of Air-Decks into a standard charging procedure. 
The only problem that sometimes occurred was 
the blocking of Air-Decks due to bad drill hole 
conditions. But the problem was solved by means 
of putting additional weight on the Air-Decks.

6.2	 Bench	floor	quality

With Air-Decks a good toe breakage can be 
achieved even without horizontal bottom drill holes 
and reduced sub-drilling. Basic requirements are:
− Accurate control of sub-drilling
− Sufficient energy on the bottom of the blast 

holes
− Proper ratio between burden and spacing
− Detonator directly above the bottom Air-Deck 
− Coordination between firing sequence and 

bedding (preferably blasting with dipping) 
 Overall it seems that Air-Decks are helpful for 
blasting without horizontal bottom drill holes. But 
they are insufficient to compensate a bad quality in 
drilling and blasting.

6.3	 Fragmentation,	bench	face	quality

In general the impression was obtained, that the 
muck pile was rather well fragmented with Air-
Deck blasting in comparison to standard blasting. 
No big boulders have been identified that could 
have blocked loading and hauling. The bench 
face quality was fine for all tests. Nearly all tests 
showed half casts on the bench face. Back breakage 
was small in general, except for those areas where 
breakage occurred due to geological structures. 

6.4 Ground vibrations

Ground vibrations in the quarry Eibenstein have 
been lower as well as slightly higher than those of 
standard blasting. In the quarry Peggau a tendency 
towards higher ground vibrations was observed. 
However it has to be pointed out clearly that too 
few data are available to draw a statistically sound 
conclusion. But in summary it has to be stated 
that no significant reduction of ground vibrations 
occurred, although this was expected due to a 
reduction of sub-drilling.

6.5 Economic and safety 

The tests indicated that Air-Decks can contribute to 
a reduction of sub-drilling as well as a reduction of 
explosive consumption in the range of 10 %. These 
results can be achieved without deterioration of the 
blasting results. Therefore it can be concluded, that 
the application of Air-Decks is economic. In case 
Air-Decks contribute to avoid horizontal bottom 
drill holes a great reduction in costs for drilling and 
blasting is possible.
 The application of bottom Air-Decks also has 
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the following important advantages concerning 
safety:
− Possible elimination of horizontal bottom drill 

holes 
− No explosive charge in the drill hole bottom 

(safety benefit in case of misfire)  

6.6 Outlook

Ten test blasts with the Power Deck system in vertical 
drill holes with 90 mm diameter demonstrated that 
bottom Air-Deck blasting creates value in terms of 
safety and economical profit. However it has to be 
pointed out, that further Air-Deck test blasts are 
required for: 
− a better understanding of the Power Deck 

mechanisms and how the system works as a 
basis for a correct layout of the Air Deck length 

− a better quantification of the advantages in terms 
of safety and economy and

− an estimation of the effect on blast vibrations 
 Likewise further examinations are necessary to 
evaluate to what extent the loosening of the bench 
floor can be reduced as an improvement for a better 
drilling of the next round on the bench below.
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Final breakthrough from the outside of the cooling water tunnel  
- Remote-controlled drilling and loading at 82 metres below sea level 

A. Fauske 
Orica Mining Services, Oslo, Norway

B.R. Morseth 
Skanska AS, Oslo, Norway

1. INTRODUCTION ORMEN LANGE

The basis for the Ormen Lange project was the 
discovery of gas deposits 3,000 metres below the 
sea bed, 120 kilometres northwest of the coast of 
Møre in the west of Norway. The ocean depth in 
the area is between 800 and 1,100 metres and the 
gas is piped to the processing facility in Nyhavna 
on the island of Gossen outside Molde. Once it 
has been completed, the processing facility will be 

able to process 70 million cubic metres of gas each 
day. The gas will primarily be pumped back along 
the world’s longest undersea network of pipelines, 
called Langeled, to the British gas market. Figure 1.
 Norsk Hydro is the project’s construction 
operator, while project partners are Shell, Petero, 
Statoil, DONG, ExxonMobil and Hydro. Total 
investments in the facility are estimated at NOK 66 
billion and almost 9000 people will be employed 
during the construction period.
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ABSTRACT: Case study - Ormen Lange, processing facility for oil and gas from the North Sea. The final 
blast in the Ormen Lange cooling-water tunnel did not provide the breakthrough expected, and therefore 
the cooling water was unable to reach the processing plant. In accordance with the site’s HSE regulations, 
all personnel access into the 1400-metre-long tunnel was forbidden.
 Skanska AS rapidly appointed a broad-based project team to work out a viable method to penetrate 
the breakthrough point from the outside. A number of alternatives were considered and risk-assessed. In 
the end, remote-controlled drilling with a submerged drilling rig and charging with a remote-controlled 
underwater vehicle was chosen. At the same time, an alternative method was prepared for the recasting of 
the tunnel and the boring of a new tunnel to the breakthrough point.
 After more than four months of intensive planning and the development of products and special 
equipment, charging of the 82-metre-deep blast site began from the contractor’s support vessel off Nyhamna, 
in Aukra municipality near Molde. The blasting took place the following day, April 1, 2006, at ebb tide. 
After a quick inspection with an ROV, a successful blasting of the intake tunnel was confirmed, and the 
water supply to the processing plant was thereby secured.

Vienna Conference Proceedings 2007, P. Moser et al.
© 2007 European Federation of Explosives Engineers, ISBN 978-0-9550290-1-1
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Skanska was awarded the contract for the earthwork/
site preparation, which included considerable 
blasting work in connection with mass excavation, 
in addition to cooling water tunnels, and rock 
chambers for equipment installations. This article 
will primarily deal with the cooling water tunnels, 
with the main focus on the cooling water intake 
tunnel. This tunnel, which is 1,400 metres long, 
slopes down before levelling off at a depth of 82 
metres below sea level. Breakout at the end of the 
tunnel was planned horizontally in a steeply sloping 
topography. The opening of the wastewater tunnel 
was carried out in a traditional manner on the rise 
at a depth of 40 metres below sea level. Identical 
blasting procedures were followed for both tunnels. 
The outlet tunnel was opened satisfactorily, but the 
intake tunnel failed to open. 
 In compliance with the operator’s HSE 
procedures and risk assessments, no form of human 
presence was permitted in the tunnel. The tunnel 
was later flooded and a remote-controlled vessel 

(ROV) was dispatched to the blast face. Video 
images confirmed that a normal blast had taken 
place. 
 A broadly composed project team was 
immediately appointed to find a viable method 
of opening the tunnel from the outside. Several 
alternatives were considered and risk assessments 
were conducted. It was finally decided to use a 
remote-controlled drill on a submersible drilling rig 
with a remote-controlled submersible vessel being 
used to load the explosives into the boreholes. 
 The Technical Support Division at Dyno Nobel 
was commissioned to consider and suggest suitable 
explosives, ignition methods and loading methods 
for such depths under water. In addition, we were 
asked to calculate shockwaves and vibrations in 
addition to the blasting parameters.
 After four months of intensive planning and 
preparation, on March 31, 2006, Balder, Skanska’s 
support vessel, began loading the boreholes, 
which had been drilled 82 metres below sea level 

Figure 1. Ormen Lange, process facility for oil and gas from the North Sea. Under construction 2006.



outside Nyhamna. Loading continued unabated for 
17 hours. The shot was fired at low tide at 7 p.m. 
on  April 1, 2006. A quick inspection with a ROV 
confirmed that the blast had been successful, the 
intake tunnel was open, and the supply of water to 
the processing facility had been secured.

2. DRIVING OF THE COOLING WATER  
 TUNNEL INTAKE

At the Ormen Lange plant site 2 cooling water 
tunnels have been designed. The first one has a 
cross section of 25 m2 , and will have the function 
as an intake tunnel for cooling water at 82 metres 
depth. The tunnel has a length of 1345 metres 
from the access to the face with a branch off to an 
intake basin. The other cooling water tunnel has a 
theoretical cross section of 20 m2 and will function 
as an outlet tunnel of the cooling water from the 
processing plant at 40 metres depth. Figure 2.

 The tunnels are constructed from a common 
access point in the processing area. After 215 metres 
the tunnels are separated and continue as 2 separate 
tunnels. When finished the tunnels were physically 
separated with a 4 metres thick concrete plug. 
Driving of the tunnels started in June 2004, and 
in June 2005 both tunnels were finished including 
intake, outlet basins, and shafts.

2.1 Driving towards the piercing site

The TP-28 procedure ‘Procedure for piercing rounds 
in sea tunnels’ was followed from chainage 1340 to 
1347 in the intake tunnel as regards round lengths 
and probe drillings. A change of direction for the 
tunnel was made from chainage 1397 towards the 
breakthrough area at chainage 1421, and a revised 
probing programme was drawn up.
 The rock in the breakthrough area is dark 
banded amphibolitic gneiss of excellent quality. 
The rock was unusually hard to drill through, and 
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Figure 2. Ormen Lange, outlet and intake cooling water tunnels. 
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was marked by strong foliation oblique to the axis 
of the tunnel. Five grout screens were drilled in 
the area of chainage 1397 to the piercing round. 
The boreholes varied in length from 6-12 metres. 
At chainage 1405 one certain through drilling was 
carried above the tunnel. This was plugged and 
grouted.
 A more extensive probe drilling was carried out 
at 1414.5 to check the rock cover. Holes of 4-6 metres 
in length with varying orientation were drilled in 
the front of the rock face. Holes were also drilled at 
a downward angle to identify any overhangs. None 
of the holes were drilled right through. On the basis 
of these drillings, it was decided to take two smaller 
rounds in 2 metres length. The tunnel cross section 
was changed so that the height was reduced and 
adapted to the shape of the piercing round. After 
these rounds had been fired, it was estimated, on the 
basis of the longitudinal profiles and working face 
position, that 5 metres of the rock remained before 
we were out in the sea depth. 
 In connection with the drilling of the 
breakthrough round, there were plans to drill 6 
probe holes to check the distance from the working 
face to the rock surface. The through-drillings were 
also to provide a basis on which to determine the 
length of the blast holes for the breakthrough round. 
The holes were located on the right, in the middle 
and on the left in the upper part of the working face. 
Three of the holes were drilled through at maximum 
water pressure, while the other three holes were 
drilled into a position that only indications of 
through-drilling were observed. The reason for this 
was some reluctance to drill right through in view 
of the problems associated with sealing leakages. 
However, the results were found in accordance with 
the profiles, which were drawn from the working 
face to the rock surface in the sea. On this basis 
there was no reason not to thrust on the probe 
drillings. On the other hand, the breakthrough blast 
design was in accordance with a large number of 
successful lake tap projects and sea piercing in 
connection with the offshore industry, including the 
cooling water outlet tunnel at Ormen Lange.
 The breakthrough round was fired on October 
26 at 12.00 hours, but the water did not roar into the 
tunnel as expected. The blasting team registered that 
the round went off, but it was quickly ascertained 
that it had failed. The contractor and all involved 
experienced a great disappointment that day, facing 
an unsuccessful piercing round at 82 metres depth, 

and without any possibility to enter the tunnel to 
check out what went wrong, and besides there was 
no simple access from the outside either. However, 
the process plant was completely dependant of 
cooling water availability. Therefore, the contractor 
was facing a great problem to be solved and a 
tremendous challenge.

3. WHAT WENT WRONG WITH THE  
 TUNNEL BREAKTHROUGH

Immediately after it had been ascertained that the 
round had failed to break through, measures were 
initiated to find out what had gone wrong. A ROV 
(remote controlled vehicle) was requisitioned to 
make recordings outside the opening area. These 
images show that there was no hole leading into the 
sea. The rock in the area seemed to be competent 
and intact, except minor fissures that could be 
interpreted as fresh could be detected.
 The next question to be answered was whether 
the round had gone off properly. It was considered 
unsafe to go into the tunnel face. The tunnel was 
closed to prevent all human entry immediately after 
the failed breakthrough round. Several alternative 
solutions for inspecting the face were evaluated. 
It was decided to fill the whole tunnel with water, 
and drive a ROV in from the tunnel mouth to the 
working face. Filling the tunnel with water was 
also done out of consideration of contractual 
relationships.
 In the meantime further extensive ROV 
investigation was carried out to find probe holes in 
the piercing area. Only one probe hole was found 
during this investigation. A measuring-in of the rock 
surface was carried out to compare these data with 
existing bottom contour maps. In the steep portion 
in the front of the breakthrough area, a difference of 
an approximately 1-metere long profile was found.
 The ROV investigation inside the tunnel 
went smoothly. About 1300 metres of cable were 
rolled out before the working face and the round 
could be filmed. Sonar images were taken so that 
the length of the round that had been fired could 
be determined. Measurements of the debris and 
the length of the round indicated that the round 
had gone as planned. Based on these observations, 
and the measurements made at this stage, it was 
concluded that there was probably still 1.5-3 metres 
of rock before breakthrough.
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4. SELECTION OF METHOD FOR  
 ENSURING BREAKTHROUGH  

The contractor’s situation was new and unfamiliar. 
Initially a number of methods were evaluated to 
ensure breakthrough from the outside of the intake 
tunnel:
- Use of special shaped charges
- The method was considered unsafe, since the 

thickness of the remaining rock plug was not 
known with sufficient certainty

- Drilling through a casing with heavy drilling 
equipment mounted on a barge

- This method was considered the most appropriate 
for a long time. Project planning and the ordering 
of equipment were well underway. However, 
after a more detailed feasibility analysis, the 
method was abandoned

- Drilling with land-based drilling equipment 
mounted on a tool carrier on the seafloor.

- This method was fully investigated, and was in 
fact the method chosen in the end

- Divers
 The use of divers was considered as unsuitable 
because of the depth, and the limitations it set.
 Other more peripheral methods were also 
considered, like the use of demolition ball, wire 
sawing, and freezing.
- Plan B
 As plan B, a method was investigated that 
involved plugging of the existing tunnel from 
the shore and driving a new tunnel past the plug 
using the existing tunnel. If the chosen method was  
not successful, the intention was to mobilise for 
plan B. 
 The team working on the solutions under 
consideration consisted of highly skilled engineers 
from Skanska, but some external experts in the field 
were also brought in. The main aim was to succeed 
in obtaining breakthrough, and this was foremost 

Figure 3. Lowering of Scanmudring SM03 with drilling unit.
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for all involved throughout the process of finding a 
suitable solution.
 The methods of drilling from a barge using a 
hammer drill and guiding pipe, and the method 
involving drilling equipment mounted on a tool 
carrier emerged early as likely solutions. A detailed 
investigation and planning of both methods in 
parallel was started and was in progress from 
November until February 2006. However, at an 
internal meeting in February the method was 
abandoned, as there was a great deal of uncertainty 
as to its practicability. In principle, there was 
one realistic method left which entailed drilling 
with equipment located on the seabed but remote 
controlled from a barge. 
 The safe completion of the operation was of 
paramount importance for both Hydro and Skanska. 
Therefore an extensive documentation programme 
had to be gone through before it was given the go-
ahead to start the operation. All details around the 
operation that were to be used were analysed and 
carefully evaluated.

5. DESCRIPTION OF THE CHOSEN  
 DRILLING METHOD

The method chosen for drilling the breakthrough 
round combines several disciplines which are 
mutually independent, but which in the case of this 
project had to work together. The development of 
the method can be said to be pioneering work.
 Skanska Norway contracted the following main 
companies for the preparation and implementation 
of the chosen method:
- Dyno Nobel ASA (Orica Mining Services) 

Explosives and blasting plan
- Scanmudring AS   

Tool carrier for drilling unit and extraction of 
masses

- Sperre AS    
ROV (Remote Operated Vehicle,  
Mini- submarine)

 The principle of the method was that a 
conventional drill should be mounted on a tool 
carrier located on the seabed in the piercing area. 

Figure 4. Principle of the chosen drilling method.
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The drilling operation was to be monitored from 
cameras on the tool carrier, and also by a mini-sub 
(ROV), which was to be controlled from the surface. 
The tool carrier was to be lifted into position from a 
drilling barge and control of the drill, the tool carrier 
and the ROV was to be effected in a coordinated 
manner from the same barge. Figure 4.

5.1 Drilling barge 

M/F Balder was used as drilling barge, and was 
chosen on account of its crane capacity and size. 
The vessel was rerigged for this special blasting 
project, with extra living quarters and units and 
equipment adapted for the operation. The barge 
was also supplied with a special charging station 
for assembly and clearing of the explosive charges. 
The charges were up to 7.5 metres long, and when 
the breakthrough round required up to 40 charges of 
different lengths, the space needed for this operation 
should be well arranged.

5.2 Tool carrier for the drilling unit

The tool carrier supplied by Scanmudring AS is 
known as SM03. The machine is constructed around 
the chassis of an ordinary excavator. The machine 
without drilling equipment has a free-air weight of 
about 13 tonnes and is designed to work at depths 
as much as 1,000 metres. It is basically constructed 
for digging and dredging on the seafloor, but for 
this project it was modified to be able to carry the 
drilling unit. To enable the tool carrier to work in 
steep terrain with a fall of 45-70o without tipping 
over, it had to have rigid support legs welded onto 
the front. Figure 3.

5.3 Drilling unit

A standard drill of the Montabert HC type was 
used. A thorough check of the equipment was 
made, and critical seals and points at which it was 
undesirable to have water ingress, were greased and 
sealed. There was a reserve drill that could be used 
in the event of a break down. Hydraulic hoses were 

Figure 5. Lowering of ROV Subfighter 7500 carrying a borehole funnel.
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extended and passed up the deck of the barge.
 It was decided to drill using a diameter of ∅ 4” 
pointed bit and an extension rod. Maximum drilling 
depth for the equipment was therefore about 7.4 
metres.

5.4 ROV (Remote Operated Vehicle)
Sperre AS provided a ROV and a crew to operate 
it. The ROV was of vital importance throughout 
the operation as it was used to monitor the work. It 
had to be in service in basically all operations that 
took place under the water. The equipment used 
was a subfighter 7500 with installed sonar. Apart 
from being used to ‘see’, the ROV was also used to 
move slings on support bolts, to install funnels for 
the subsequent charging operation and, during the 
charging operation, to guide the charges into place. 
Figure 5. 

5.5 Tripod
Because the rock surface outside the opening area 
had a fall from 45-70o, it was impossible to get the 

tool carrier with drilling equipment to stand stably 
on the seafloor during the drilling operation. A 
number of alternatives were evaluated. A solution 
that involved establishing support bolts on the ridge 
above the piercing site was considered the optimal 
solution. In order to drill holes for the bolts a tripod 
fitted with a drill hammer taken from a Commando 
300 rig was constructed. The tripod had legs that 
could be adjusted to the fall of the rock. Two 
locating points were identified so that slings from 
running from these points down to the tool carrier 
covered the piercing area. The equipment was tested 
in open air before it was used at a depth of about 40 
metres. The drilling went well, and the bolts; ∅ 60 
mm were installed as planned. Figure.6.

5.6 Positioning system

There was some uncertainty associated with the 
bathymetric map that was available, and therefore 
prior to the operation a detailed survey of the 
piercing area was made with a multibeam echo 
sounder. In addition ‘fixed points’ were set in the 

Figure 6. Lowering the tripod.
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area around the piercing site so that the location of 
drilling points and positioning could be as accurate 
as possible. Transponders, which sent signals to 
the ROV, were located at fixed points. A system 
known by the abbreviation GAPS (Global Acoustic 
Positioning System) was used for this. However, 
this system proved to be unstable or to have 
insufficient accuracy. A more traditional method 
using GPS sounding and the use of measuring tapes 
from known points was therefore used extensively 
during the drilling operation and for collaring of 
boreholes. 

6. SELECTION OF EXPLOSIVES AND  
 ACCESSORIES 

Conventional explosives capable for use at great 
water depths are, at present, hard to obtain in 
Europe. Blasting of deep lake taps and breakthrough 
rounds in connection with the offshore industry 
and hydroelectric schemes have been a tradition 
for years in Norway. The Dyno Nobel explosives 
brand Extra Dynamit was developed for this market 
segment, which also included well blasting down to 
180 metres. However, the factories in Norway were 
shut down in 2001, and the manufacturing of high-
pressure cartridged explosives ceased. Standard 
CE-approved dynamite available on the European 
market today has a maximum water-pressure 
resistance of 20 metres.

6.1 Dynoprime 

In the meantime we have experienced excellent 
blasting results using Dyno Nobel’s Dynoprime 
1.7 in connection with bench blasting at 50 metres 
depth. This product quickly gained attention, and 
it was considered as a possible option for the 
Ormen Lange breakthrough round. According to 
our knowledge of Dynoprime’s composition and 
construction, this type of explosive charge should 
also withstand a water pressure of 82 metres. 
In order to confirm this assumption, a series of 
function tests were carried out after water storage 
at 90 metres for up to 96 hours. It was a great 
advantage that the Dynoprime product was readily 
available. Dynoprime 1.7 consisted of a cylindrical 
plastic-bodied charge of Hexotol and PETN with a 
diameter of ∅ 66 mm and a length of 361 mm. The 
primers could easily be fitted into longer plastic 
tubes, or special torpedoes designed for charging 
the breakthrough boreholes, after prefabrication on 

the contractors’ barge.

6.2 Detonators

Delay-initiation systems based on non-electric 
detonators, or electronic detonators, were the 
first choice for the project. As for the explosives, 
both systems had to be tested out under the same 
conditions in order to ensure sufficient water 
resistance. The use of the non-electric Nonel 
Unidet system was chosen, primarily based on a 
consideration of safety and simplicity.
 Consequently Dynoprime and Nonel Unidet 
were subjected to comprehensive testing before 
approval for the project. Dynoprime was 
recommended by the manufacturer for use at a 
maximum of 30 metres water pressure. However, 
the product had not been tested at greater depths, 
since it primarily was designed as a primer for 
emulsions from boreholes of ∅ 3” and upward. The 
Nonel Unidet detonator was also guaranteed up to a 
water pressure of 30 metres.

6.3 Alternative explosives

If the results of the tests of Dynoprime 1.7 and the 
Nonel system proved to be negative, it would be 
necessary to develop an alternative product that 
we knew would be capable of satisfying the water-
pressure requirements. The alternative product 
chosen was a casted Hexotol (RDX/TNT) made by 
Dyno Nobel’s factories for defence products. The 
advantage with these charges is that they could be 
prefabricated in the factory, ready to be fitted into 
a special charging tube together with primers and 
detonators on the support vessel. The disadvantage 
was that these charges, manufactured in plastic 
tubes, were not a standard product at the factory. 
The tubes had to be cast at a high temperature (> 
80°), which required a packaging of heat-resistant 
plastic or steel tubing. In addition, the length of the 
tubing was limited because of heat development 
and deviation of the tubing. Casting of this type 
of high explosive requires a special procedure to 
obtain a continuous string in the tube, which also 
limits the length of tubing. A primer for the factory-
made charges was based on a PETN-wax mixture 
called Bonogel. This explosive resists up to 100 
metres water pressure. A prototype Hexotol charge 
was produced for testing at the same time as the 
Dynoprime. 
 If the Nonel Unidet system failed to satisfy 
the water-pressure requirements after the test and 
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development period, the alternative would primarily 
be electronic detonators, or the I-kon system 
which has a product guarantee of 120 metres. The 
corresponding guarantee for the Nonel system was 
48 hours at 30 metres water pressure.

6.4 Testing of Dynoprime and Nonel Unidet

Initial tests of the products gave positive results. 
Dynoprime 1.7 and Nonel Unidet detonators were 
stored for 24 and 48 hours at a depth of 90 metres 
and shot on 16-mm-thick steel witness plates. 
However, Nonel Unidet detonators with 7.8 metres 
hose length were used; these were put into the test 
shaft. For the breakthrough round Nonel Unidet 
detonators with 120 metres hose length were 
required. When these detonators were available, 
a series of new tests were carried out. A total of 
20 Nonel Unidet detonators with 120 metres hose 
length were stored for 48 hours at 90 metres depth; 
these gave 9 misfires. Figure 7.

Figure 7. Testing of Dynoprime 1.7 and Nonel Unidet U 
500 after water pressure storage.

 This result immediately disqualified the Nonel 
Unidet system: water had penetrated through 
the sealing area and into the detonator shell. The 
manufacturer was contacted about the project 
and the precarious situation. The manufacturer 
quickly found a new production method, which 
it was hoped would give a better sealing of the 
detonator and probably cope with the pressure 
requirement. Naturally, the manufacturer would not 
give any guarantees. A new series of Nonel Unidet 
detonators with 120 metres hose length was this 
time stored for 96 hours at 90 metres depth. At the 
same time 12 Dynoprime 1.7 were stored under 
the same conditions. The result showed that all 
detonators and primers detonated free from faults. 
Consequently Dynoprime 1.7 and Nonel Unidet 
were recommended for the breakthrough round. 
The documentation from the testing procedures and 
results were later approved by Hydro.

Table 1. Technical data – Dynoprime 1.7.

Property Dynomit Dynoprime
Density, kg/dm3 1.4 > 1.6

Weight strength, % 100 > 125
Volume strength, % 100 > 155

Energy, MJ/kg 4.5 > 5.5
Det. velocity, m/s 2650–6250 > 7000

Det. pressure, kbar 25–137 196
Highest recommended 

water pressure, bar 2 9 *

* After testing

7. BLASTING PLAN

7.1 Drilling pattern

Dynoprime 1.7 was chosen as the main explosive 
for the breakthrough round. Charge calculations 
were carried out based on state-of-the-art empirical 
formulae and stipulations which took care of the 
prevailing conditions on the seabed around the 
piercing area at 82 metres depth. All holes were 
drilled with 4” drill bits. A quadratic drilling pattern 
of 1.3 x 1.3 metres was suggested. This pattern would 
give a theoretical specific charge of 2.8 kg/m3, or an 
energy factor of 15.4 MJ/m3. Most of the boreholes 
were planned to be drilled vertically, or slightly 
inclined forwards (8–10 degrees). The theoretical 
drilling plan had 40 boreholes, which this time were 
drilled from the outside as a characteristic bench 
blast with a cavern inside, left behind from the first 
breakthrough round. The bench blast was drilled 
with 5 rows across the extremely steep rock face. 
Each borehole was given an identity number.

7.2 Initiation plan 

All the chargeable boreholes were initiated with 2 or 
3 Nonel Unidet U 500 detonators, depending on the 
borehole length. The U 500 detonators have a basic 
delay of 500 milliseconds. Since the connecting of 
the round would take place from the sea surface 
on a special connecting barge, the lead-in Nonel 
hoses chosen were 120 metres. Hose left over from 
each detonator was kept on the reel, which during 
charging was placed on the connecting barge in 
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a position according to the initiation plan. It was 
planned to use a row-by-row initiation system, with 
a burden time of approximately 13 milliseconds. 
This was achieved by using Nonel Unidet snapliner 
SL 17, which has a delay time of 17 milliseconds. 
The delay-initiation system on the connecting barge 
was also planned as a redundant system in order to 
achieve the highest possible reliability of function.

7.3 Description of the charges

Each charge consisted of a polythene plastic tube 
with an external diameter of ∅ 75 mm and an 
internal diameter of ∅ 69.2 mm. A short conic 
connecting piece was welded to the end of the tube. 
This end piece had an opening in order to let the 
water through, while at the same time keeping the 
Dynoprimers inside the tube. The torpedo-like tube 
charges were given an identity number according to 
the drill log and then  assembled in correct lengths 

on the Balder’s specially designed charging bench. 
The torpedoes were charged with Dynoprime 1.7, 
outer diameter of ∅ 66 mm, and length 0.36 m. The 
Nonel Unidet detonators were evenly distributed 
throughout the tube, in the bottom, the middle and 
the top of the charge. The length of the tube charges 
was made 0.5 metres longer than the borehole, 
and they were charged 0.5 metres shorter than the 
borehole. Figure 8.

8. EXECUTION OF THE DRILLING AND  
 CHARGING OPERATION

8.1 Preparatory work

Mobilisation of equipment was started at Aukra in 
the week beginning March 13. Prior to mobilisation 
some dry runs with the equipment were made 
separately. During the operation the weather was 

Figure 8. Special tube charge (Torpedo) developed for the breakthrough blast at 82 metres depth.
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cold and stable and the sea was still, which was 
something we were completely dependent on. The 
first week was taken up with rigging of the Balder. 
All necessary equipment was taken onboard, or put 
in store for possible later use. Before the drilling 
could start, the two anchor bolts had to be positioned. 
This was done using the tripod. The holes were 
drilled two metres deep and the bolts were mounted 
using the ROV. The bolts were lowered from a boat 
and guided into place in the hole by the ROV. The 
modified drill worked well at the depths in question 
(53–62 metres below sea level). Transponder points 
were established in two positions in order to obtain 
a good reference for collaring the boreholes.
 Scan Mudring’s SM 03 with equipment was 
taken onboard and made ready for drilling. The 
barge was fastened to a mooring point at sea and 
bollards or anchoring points ashore and positioned 
by means of winches onboard. To ensure the SM03 
did not slide during drilling, loading slings were 
passed from the SM03 back to the established 
anchor bolts. Suitable lengths were used so that the 
position of the drill could be adjusted by adjusting 
the sling around the anchor bolt. After a successful 
wet test, the drill was lowered to the piercing 
site for the first collar. The hydraulic hoses and 
communication cable had floats mounted to them 
to keep them upright in the sea.

8.2 Drilling

The drilling was remotely operated from a control 
room on board Balder. The drilling started at the 
very front and an attempt was made to move 
backwards row by row. It was quickly found that 
the terrain was steeper and more undulating than 
maps and models indicated. The tool carrier more 
or less hangs from the slings throughout the drilling 
operation. Despite difficult collaring conditions, the 
operators managed in general to drill the holes where 
they planned. As the holes were completed, funnels 
were inserted into them. These were intended to 
prevent cuttings entering the holes and to facilitate 
the planning and locating of boreholes. The funnels 
were numbered consecutively in ascending order, 
and were a great help in orientation during the 
drilling operation. 
 Because of the steep terrain, the tool carrier had 
to be moved frequently. At best, it was possible to 
drill as many as three holes per move, but usually 
one or two holes per move were drilled. An accurate 
log was kept of drill lengths for each hole, which 

could then be used for preparing charges.
 The ROV operator had a very central role in 
the operation. He had to check collaring points, and 
collaring and location of the tool carrier. He also had 
to monitor drilling and the moving of the machine, 
and the raising and lowering of the machine.
 As the drilling progressed, several through-
drillings to the tunnel were detected. The through-
drillings were partly made intentionally to map the 
position of the tunnel, and were partly unintentional. 
Through-drillings were plugged with steel cones 
to reduce leakages into the tunnel. The shortest 
drilling length during through-drilling was about 1 
metre (in the roof of the tunnel).
 The through-drilling contributed to a better 
mapping of the tunnel, and on this basis the drilling 
plan was revised. During the period 24–30 March, 
a total of 39 boreholes having a length from 1.2 
metres to 7.6 metres were drilled. All told, 127.6 
metres were drilled. Figure 9.

Figure 9. Drilling plan for the breakthrough round.

Figure 10. Drilling of borehole no. 11 at 78 metres depth.
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Figure 11. Lowering the torpedo charge, and remote-
controlled charging with ROV.

8.3 Charging

Prior to the start of the charging, all holes that 
were to be charged were logged and cleared of 
any cuttings or crabs. The charging started in the 
evening of March 31 at 20.10 hours. The first 
torpedo-charges were cleared on the charging 
bench; later on the charges were prepared in a 
typical production-line operation. Figure 10. 
The charges were lowered down using ∅ 6-mm-
diameter floating rope to a defined depth of 70 
metres in front of the breakthrough round. At that 
depth the ROV was waiting to guide the charges 
into the hole. Figure 11. The charge was equipped 
with reflecting silver tape, a hole number and 
chemical light for better identification by the ROV. 
The charging started at the back of the round. This 
was to prevent the ROV from becoming entangled 

with the charge lines (Nonel hoses). With 2–3 
lines from each hole, except the floating rope, this 
became in time a rather demanding operation. Close 
communication between the ROV operator and the 
charging operator made this process simpler than 
expected.
 Once the torpedo had been inserted into the 
holes, the Nonel lines were passed back to the 
connecting barge and fastened to numbered pegs 
corresponding to holes on the bottom. Figure 12. 
With few exceptions, the charging of the holes took 
place without any problems. The charging process 
continued unabated for 17 hours. The last borehole 
was charged on April 1 at 12.02 hours. A total of 
32 holes were charged with a total quantity of 
explosives of 493 kg.  

9. BLASTING RESULT

The round was fired at 19.00 hours on Saturday 
April 1. This time, water appeared as expected. 
The reason for not firing the round immediately the 
charging was completed was related to calculations 
made prior to the firing. These calculations showed 
that the round ought to be fired at low tide to reduce 
the load on the gates as much as possible. After 
approximately 60 seconds water began to rise in the 
intake reservoir. The water rose steadily until it ran 
over the gate after about 3 minutes. After 8 minutes 

Figure 12. Preparation of torpedo charges. Nonel lines transferred to connecting barge after charging.
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the water column had settled completely.
 After the round had been fired and the water 
had cleared, a ROV investigation of the piercing 
area was made. The inspection revealed that the 
blasting operation had been successful. It showed 
that about 1.2 metres of rock mass remained before 
the first breakthrough round had broken through. 
The margins had clearly not been on our side. There 
were very few large blocks in the old muck pile, and 
much of the old muck pile had been blasted away. 
Some grabbing was done and the SM03 used blades 
on the machine and suction equipment to remove 
some mass in the actual tunnel mouth. The on-site 
operation was carried out in the period  March 13 
–April 4, 2006. This was well within the overall 
time schedule allowed. However, the planning had 
been underway since October 26, 2005.

10. CONCLUSIONS

This challenging drilling and charging operation, 
carried out in steep terrain on the seabed 82 metres 
below sea level, has impressively shown the great 
creativity and enthusiasm of those involved to find 
solutions to complex problems. Cross-discipline 
cooperation has turned a fiasco into a success.
 The development of the method has been 
pioneering work, and Skanska has shown that it is 
possible to succeed.
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1. INTRODUCTION

In recent years there has been a constant and 
growing recognition, in the classical mining and 
industrial minerals industry, of the significant 
impact and power of systemised business process 
reengineering and optimisation.
 In former days the mining and industrial minerals 
industry treated that topic with minor attention and 
less effort to reach these topics. That was mainly 
based on the fact that most of the companies were not 
aware of the latent potential, in terms of improved 
added value and sustainability. But that changed and 
companies invest now time, resources and money 
to exploit that field of improvement. That change is 
mainly attributed to the continuous increasing high 
expectations of share- and stakeholders, the market 

and consequently the pressure on the management 
of companies to fulfil the demanded expectations of 
their clients.
 The first approaches in that field have been 
applied in a way, that in reengineering and 
optimisation projects the processes and operation 
sites were treated as autonomous and independent 
systems. That means for example that typically 
a mine and a plant were treated as two separated 
systems. For the optimisation work the mine and 
the plant got broken down to a detailed process 
level. That was done without considering the 
interfaces and interrelationships between them or 
to other parts of the full business process orebody 
to market. Consequently, the reengineering and 
optimisation process took place on a low, separated, 
non dynamic and non holistic level. The final results 

ABSTRACT: In the frame of the paper a holistic dynamic process model approach is presented in order to 
introduce operational and technical excellence in drilling and blasting. Both on a macro and micro level the 
single process parts of drilling and blasting are outlined and their interaction is explained. The use of this 
approach for closing the gap between process planning and process implementation is explained and an 
example of the value generated is given
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were isolated and static solutions. 
 Later on, integrated concepts as for example 
the ‘Mine to Mill’ approaches were introduced in 
mineral production optimisation. But even in the 
‘Mine to Mill’ approach just two of the four main 
processes of a typical mining business process are 
considered. A typical mining process consists of the 
following four major parts:
− Orebody
− Mining
− Processing
− Market
 Bigger mining companies have recently 
started to investigate this issue on a higher level of 
innovation and complexity. Now more systematic 
and consequently more beneficial ways for 
reengineering and optimisation in the conventional 
mining and industrial minerals industry have been 
designed, implemented and executed. In addition 
the approach changed from a static process, just 
considering the mine and the plant to a holistic and 
also dynamic one.

2. DYNAMIC HOLISTIC PROCESS MODEL  
 FROM OREBODY TO MARKET

Figure 1 shows the four parts to be considered 
in a dynamic holistic process model for mineral 
production.

In the context of this paper the terms ‘Dynamic’ and 
‘Holistic’ are defined as follows. 
− Holistic stands for an all embracing (covering 

the total business process, value chain, from 
orebody to market) process approach. This 
means that the total value chain (Figure 2) 
is combined to one main ‘holistic’ business 
process. For process reengineering the business 
process is split in smaller units as macro models, 
detailed macro models and micro models. This 
is done under consideration of all interfaces to 
the processes of the full business process and 
the interrelationships related to the holistic 
perspective. 

− Dynamic means, that the business process as 
such and especially the relations between the 
various sub processes on a micro level basis are 
time dependent. This relates especially to the 
market and the processing plant, where new or 
adapted products might be developed, changing 
than the definition/ outline of the deposit and 
thus the whole extraction process. 

 Generally speaking a dynamic holistic process 
model builds the basis to properly take strategic 
decisions, like for example on changes in the 
process chain or sequences, the market orientation 
or simply on decisions of implementing operational 
excellence for selected processes in a more secure, 
economical and sustainable way.

Figure 1. Dynamic, holistic process approach.
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3. OPERATIONAL EXECELLENCE IN A  
DYNAMIC HOLISTIC PROCESS MODEL

3.1 General aspects

‘Operational Excellence’ is the way of working 
with a minimum of gaps between a planned process 
and its actual implementation in the daily work. 
Operational Excellence in a dynamic holistic 
process model comprises not only some selected 
technical processes in a value chain, but the full 
business process with all the sub-processes from 
orebody to market as outlined in Figure 2.
 Operational excellence for drilling and blasting 
has to be seen therefore in combination with the 
interfaces associated and interrelationships to the 
other processes. Operational excellence in drilling 
& blasting thus requires that:
− the definition of the deposit (rock mass) is 

done based on the latest know how in terms of 
modelling algorithms

− the operational planning of the work, which 
comprises the design and layout of the single 
work processes is based on the latest know how 
in terms of knowledge and technology

− the work is carried out using the latest technology 
in terms of equipment for work realization

− the most modern approach in terms of work 
performance monitoring is used

− the most modern approach in terms of data 
analysis and reconciliation is used

 The way to operational excellence is composed 
of several steps:
− Desired ideal process definition on a macro 

model level
− Desired ideal process definition on a micro 

model level
− Monitoring and description of the actual work 

procedures on the basis of micro models 
− Comparison of the desired ideal processes with 

the actual work status (gap analysis against the 
ideal standard)

− Determination of the value of the gaps
− Measurements for gap closure
 The basis for achieving an operational 
excellence status is first the definition of the desired 
process target on a macro and micro model level. 
In a second step the actual process status has to be 
determined in terms of performance and safety. In a 
third step comparison and benchmarking is a ‘must 
do’ to define the different necessary performance 
levels, the gap from the current status to the target 
and also to the maximum possible performance. 
Thereby it is advisable to practise both internal 
benchmarking and external benchmarking. This 
provides a good overview of what is already state of 
the art and what is achievable under current working 
conditions. That makes the gap to the target which 
the operation wants to reach (objective target) and 
the maximum possible theoretical performance 
capabilities transparent.
 Results out of an evaluation and benchmarking 
work are amongst others performance indicators as 
explained in Figure 3:
− Average Performance (AV)
− Target Performance (TP)
− Best Demonstrated Rate (BDR) and 
− Theoretical Capability (TC)
 Figure 3 shows as an example the productivity 
of the process ‘loading of blasted rock from a 
muck pile’. The loading productivity is typically 
influenced by the following process parameters (the 
list of parameters is not exhaustive; it is intended to 
give just an overview over the major parameters):
− fragmentation status (particle size distribution) 

of the muckpile
− fragmentation status of toe area (bench floor)
− geometry of muckpile
− size of (shovel size) of loading equipment

Figure 2. Business process - value chain



- 234 -

− loading/ripping forces of loading equipment
− skills of loading machine operator
− geometrical situation at the loading place
− organisation, availability and productivity of 

hauling equipment (trucks)
− meteorological conditions
 The analysis of the loading productivity (t/h), 
the duration of the single loading cycles (s/bucket) 
or even the loading time for a truck (s/truck) will 
give the characteristic performance values as shown 
in Figure 3. 
 It is important to take into consideration 
that such an analysis of performance data is not 
trivial and it needs a very careful consideration 
when looking at the figures monitored in terms 
of what are reliable values monitored, what was 
an exceptional case and so on. This is especially 
true for automatic data monitoring. Experience 
(Chavez 2000, Moser 2005) has shown that when 
starting monitoring of process data in a mine or 
quarry, typically the majority of the data is of a 
too low quality in order to have reliable figures for 
process re-engineering available. It typically takes 
an introduction phase where automatic and manual 
data monitoring are done parallel in order to ensure 
the reliability of process data. Experience in many 
operations all over Europe has shown that it takes 
at least 6 months to one year until the quality of 
the data of the whole business process of an open 
pit mine or quarry is at a level suitable for process 
optimisation. This first phase of data monitoring 
is typically completely underestimated in terms of 
time efforts and duration.
 Part of the following data evaluation for the 

process then is to find out under what conditions the 
various performance figures have been achieved. 
Only this allows defining a realistic and achievable 
‘Target Performance’. 

3.2 Operational excellence in drilling &  
 blasting

‘Operational Excellence’ requires setting up a 
business process in the best way, taking into account 
the process relations (input and output) and the four 
key topics ‘Safety’, ‘Environment’, ‘Productivity’ 
and ‘Behaviour and Training’. For drilling & 
blasting this means that the design and layout of 
the single sub-processes have to be evaluated with 
respect to the following key issues:
− Safety, being critical to
 − Misfires
 − Need for re-blasting (secondary blasting)
 − Bench and blast geometry 
 − Type of detonators and initiation techniques
 − Type of explosives
 − Type of drilling machine
 − Type of explosives charging unit
− Environment, being critical to 
 − Vibrations
 − Noise
 − Dust and fly rock
 − Blasting fumes
 − Water pollution (remaining explosives  

 (nitrates) in blasted material)
− Productivity, being essential to
 − Meter of boreholes drilled per unit volume of  

 rock [m/m³]

Figure 3. Performance figures for the loading productivity of a shovel in an open pit operation.
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 − Explosives charging productivity [t/h]
 − Loading performance [t/h]
 − Hauling productivity [t/h]
− Behaviour& training, being essential to 
 − Training of Operators

3.3 General macro model for drilling & blasting

Figure 4 shows the Drilling & Blasting process as 
a Macro model. It illustrates the major processes 
for drilling & blasting, designed as a dynamic holist 
process. 
 The macro drilling & blasting model consists of 
the following major parts:
− ‘Deposit Model Planning’: In that process the 

orebody and also the country rock are modelled 
based on parameters important for the drilling 
& blasting behaviour of the rock mass and the 
digging behaviour of the muck pile. Such a 
model is the basis for all further planning steps 
and has to be updated regularly during the 
reconciliation process

− ‘Strategic Mine Planning’: Here long, medium 
and short time mine plans are worked out, on 
which further organisational planning related to 
resources etc. is done 

− ‘Planning General’: The general planning 
process defines restrictions and conditions in 
terms of for example maximum possible particle 
size after blasting, the maximum available drill 
bit diameter, etc. Generally, all parameters that 
set limits or restrictions for the planning of the 
following processes are considered here

− ‘Planning Resources’: In that process, resources 
as human resources, equipment, etc. get allocated 
for a defined period of time to specific processes 

and activities
− ‘Production Planning’: This process defines the 

demand and the corresponding time frame for 
production of semi or final products, which have 
to be provided to fulfil the objective target of 
adding value

− ‘Planning of individual blasts’: Here every 
single blast gets planned and defined based on 
its individual former defined restrictions (out of 
the process ‘Planning General’)

− ‘Implementation Drilling’: In that process the 
drilling, based on the previous planning work, is 
realized in the operation

− ‘Updating Blast’: Within that process the blast 
planning gets updated, based on the actual 
drilling results

− ‘Blasting Implementation’: Within that process 
the updated blast plan is implemented in the 
operation

− ‘Data Monitoring’: In that process all data, of 
every single process step are monitored and 
stored in a database

− ‘Reconciliation’: In the frame of this process 
the planned work is compared to the actually 
implemented work and the results expected 
are compared with the actual ones. The deposit 
model and the planning & prediction process are 
updated based on the actual achieved results

3.4 Detailed macro model for drilling  
 & blasting

A detailed macro model of a process provides 
a deeper insight and understanding of the sub 
processes behind the main processes shown in 
Figure 4. These sub processes for drilling and 

Figure 4. Macro model for drilling & blasting
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blasting are shown in Figures 5 to 9. 
 The structures of the sub-processes are the 
results of careful considerations about how the 
single drilling & blasting processes should be 
designed in order to achieve a safe blasting result, 
respecting environmental constraints and providing 
a fragmentation result which is the optimum in the 
whole process chain from orebody to market.
 The sub processes were structured based on the 
experience obtained during many years of work in 
the mining and quarrying industry. It is pretended 
that the structure of the drilling& blasting processes 
presented in Figure 5 to 9 is universal applicable 
and represents the optimum way of work.

Figure 5. Sub processes of ‘Planning General (Drilling 
and Blasting)’.

Figure 6. Sub processes of ‘Planning Individual (Drilling 
and Blasting)’.

Figure 7. Sub processes of ‘Drilling (Implementation)’.

Figure 8. Sub processes of ‘Updating Blast Plan’.

Figure 9. Sub processes of ‘Blasting (Implementation)’.
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4. DEVIATIONS FROM THE IDEAL  
 DRILLING & BLASTING  PROCESS

For every business process, always a gap (deviation) 
between planning and actual process realization 
exists. The importance is to know the size of the 
gap Δ, its value and to keep it small. Typically a gap 
is defined as follows:

Field work in small, medium and large quarries 
and open pit mines during the last 15 years all over 
Europe has shown that especially for the drilling 
& blasting process frequently a substantial gap 
between planning and implementation exists. Gaps 
frequently exceed 100%. 
 Typically the following processes are 
concerned:
− Lack of fragmentation oriented blast design
− Lacking control of blast geometry & borehole 

deviation

− Low efficiency in using of borehole volumes for 
charging and missing energy driven initiation of 
explosives 

− Lacking monitoring of blast data and blast work 
documentation

− Absence of quantified control of rock mass 
(joints)

− Lacking monitoring of muck pile loading 
cycles

− Low quality prediction and control of vibration 
and noise

 So the frequently poor level of work quality 
in drilling & blasting operations comprises the 
following three major parts:
− a lacking definition of the desired (ideal) process 

model both on a macro and a micro level
− a substantial gap between process plan and 

actual realisation
− and the lacking knowledge of the value of the 

gaps
 Basis for the closure of the gaps is as outlined 
in part 3.1 the definition of the desired design of 
the process on a macro & micro model level and 
the monitoring of the actual processes and their 
implementation in the daily work procedure based 
on quantified data. Experience has shown that 

Figure 10. Gap analysis with the help of a spider diagram.
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monitoring of nominal data (charge, geometry, 
average time cycles, etc.) is not at all sufficient.
 The results of such a gap analysis can be 
illustrated very well in a spider diagram, shown 
in Figure 10, where the shaded areas illustrate 
the potential to be gained by a gap closure. In 
order to determine the importance of gap closure 
measurements, the value of every single gap 
(deviation between the ideal and the real process) 
have to be determined.
 The value of gap closure can be enormous when 
for example fragmentation oriented blast design 
is taken. The average amount of material blasted 
in the EU amounts to 2.500.000.000 tons of rock 
every year. In aggregate quarries 10-15 % of the 
rock blasted can’t be sold, as the material is too fine. 
Thus about 450 million tons of useless rock fines 
are produced and put on waste dumps every year. 
In the frame of an EU financed project ‘Less Fines’ 
it could be shown that the amount of fine material 
in rock blasting can be reduced by 50% through an 
energy controlled blast work (Moser 2006).
 Another simpler example of the value of a gap 
closure is demonstrated with borehole deviation. 
The surveying of thousands of blastholes in mines 
and quarries in Europe has shown that a typical 20 
m deep blasthole shows a deviation of around +/- 
1m. That means when the desired end point of a 
borehole is defined as the middle point of a circle, 
it can be expected, that an average borehole would 
end somewhere inside a circle of a diameter of 2 m. 
The increase in the side spacing in the bottom of the 
blastholes (where the toe breakage is most difficult) 
could then be up to 2 m (one borehole deviating -1 
m and the other + 1m) and the burden deviation up 
to 1 m. These are no exceptional but rather typical 
values. In fact the maximum side deviation for a 
15° inclined blasthole of 20 m depth ever measured 
amounted to 7 m. 
 Measures for borehole deviation reduction 
(mainly training of operators and servicing the 
drill rig) have shown that it is possible in daily drill 
work to realise a precision for 20 m deep blastholes 
of better than +/- 0,5 m: This means that all the 
blastholes would arrive inside a circle of not more 
than 1 m in diameter. The increase in the borehole 
precision can be directly used for an increase of the 
blast geometry.
  For a typical blast geometry in a quarry (90 
mm diameter, 3.5 m burden and 4 m side spacing) 
a reduction of the blast hole deviation by 0.5 m 

allows to increase the blast geometry to 4 m burden 
and 4.5 m spacing. This is an increase of the blast 
pattern by already 29%. Thus the potential for cost 
reduction with the excellence approach in drilling 
and blasting is typically enormous.

5. CONCLUSIONS

Through the development and application of a 
‘Holistic Dynamic Process Model’ and a subsequent 
reengineering and optimisation approach the added 
value of a process chain can be significantly 
improved. Experience has shown that much of the 
gain can already be achieved through just closing 
the gap between the planned and the actual work 
done. That is especially true for drilling & blasting 
where typically an important deviation during the 
work implementation exists. 
 New technology can only be introduced 
when the operational excellence in terms of work 
implementation is achieved. It is important to 
always remember, that ‘Operational Excellence’ 
comes before ‘Technical Excellence’.
 An issue frequently overlooked and 
underestimated issue on the way to operational 
excellence is the continuous monitoring of the 
single processes and the following reconciliation, 
covering all involved processes and activities of 
the process chain. You only can manage what you 
measure.
 The application of the excellence approach in 
drilling & blasting in various mines and quarries in 
Europe has shown that it involves a large economical 
potential. For a typical drilling & blasting operation 
20 % of the operating costs can be reduced without 
changing to new technologies.
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ABSTRACT: Frequently the issue of evaluating the quality of blasting outcomes is resolved within two 
broad contexts; achievement of desirable outcomes and minimization of negative, collateral effects. 
Fragmentation, tunnel advance and control over muckpile displacement are some examples of the 
former, whereas environmental disturbance and rock mass damage are illustrative examples of the latter. 
Quantitative measurement of rock mass damage has been a subject of continuous, sometimes intense study 
during many decades in both surface and underground environments, for both mining and civil applications. 
An acceptable premise is the suggestion that clear and unambiguous measurement of damage offers a path 
to understanding the underlying mechanisms of such rock mass alteration and logically thereafter to the 
refinement of blasting techniques to reduce or eliminate the incidence of these mechanisms. Reduction 
of blast damage intensity should follow as a natural consequence of this endeavour. The following paper 
reviews and critiques a number of existing damage evaluation techniques with the objective of suggesting 
a logical path of field measurement that is applicable to damage control in underground and surface 
operations.

1. INTRODUCTION

There are a number of factors in the mining process, 
both underground and surface, which exercise 
influence on rock mass damage, slope stability and 
pillar integrity. The principal identified damage 
mechanisms are related to the blasting process, 
which causes deterioration in rock mass quality 
due to blast vibration, penetration of pre-existing 
fractures by gaseous explosion products and relative 
displacement of discrete blocks or volumes of rock, 
outside the blasted volume. 
 The quantitative measurement of changes 
in the structural condition of the rock mass 

constitutes a valuable, even necessary tool for the 
evaluation of drill and blast designs, geomechanical 
control measures and other aspects of the mining 
optimization process that are negatively affected by 
blast induced damage.
 The consequences of sustaining excessive 
levels of rock mass damage are insidious for any 
mining of construction operation. The primary 
negative consequence relates to the decrease in 
safety that results from the need to work with (and 
in) an engineering material of reduced quality, 
competence and strength. However this safety 
concern also becomes a financial impact when 
the effects of this reduction in material quality are 
extrapolated into the domain of production process 
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efficiency. 
 The same rockfall that may harm an underground 
worker will cause an increase in extraction costs, 
produce a less easily ventilated tunnel, hinder and 
possibly prevent the correct drilling of subsequent 
operations (e.g. stoping) and may cause dilution, or 
even abandonment of a rich mineral resource.
 Reasons to strive to understand and control blast 
induced damage abound. The industry perceives 
this fact and that perception drives continuing 
research and optimization projects with at least 
the partial aim of perfecting the ability to measure 
adequately the occurrence of damaging influences 
during blasting.  
 An extensive range of measurement technology 
has been developed and/or adapted to the task of 
measuring damage, applied with varying degrees of 
success. The author suggests that some important 
gains in understanding may stem, not only from the 
development of further new technologies, but in 
different approaches or combinations of the use of 
existing technology.

2. THE NATURE OF DAMAGE

A useful description of rock mass damage (there are 
many) should include some statement regarding a 
change in the physical structure of the rock mass, 
usually associated with an increase in the volumetric 
fracture density, coupled with a decrease in the 
physical strength of the interfaces between these 
structures.
 An increase in the presence of micro-fractures 
may also be associated with a damaging event (such 
as a blast) however this phenomenon is usually 
considered to be a benefit for the downstream 
communition process rather than a geomechanical 
problem. 
 Holley (2004) referred to blast-induced 
damage as a change which “affects the long term 
engineering performance” of the rock mass. This 
definition captures an important point; that damage 
is a change that reduces the capacity of the rock 
mass to respond to imposed loads in a desired 
manner.
 Perhaps the most fundamental manifestation 
of damage is the increased presence of fractures, 
either with or without relative movement along 
these discontinuities. This alteration in the ‘macro-
fabric’ of the rock mass leads to such results as pillar 
failures, roof and wall sloughing, final wall wedge 

failures, the production of oversize fragmentation 
and numerous other undesirable consequences. All 
of these decrease the profitability of mining and 
construction operations.
 It is important to consider that damage will 
result from a range of physical ‘agencies’ including 
well known identified phenomena such as transient 
vibration, gas pressure impacts and physical 
stressing leading to displacement of the rock mass 
in a direction other than that which was intended to 
occur.
 Different physical impacts will occur at varying 
distances from the disturbance (blast) hence damage 
may well occur in both near and far fields, (Holley, 
2004). It is equally true that some of these effects 
occur within different time frames.
 Different source causes of damage suggest 
that there will exist a range of alternative, different 
means of detecting potential instances of damage, as 
well as quantifying this damage in terms that relate 
to the objective of understanding and controlling 
the reduction in rock mass quality.
 Part of the objective of this paper is to review 
and critique (as opposed to criticize) this range 
of techniques and their use or field application. 
Subsequently some suggestions are offered related 
to a coordination of several such techniques to 
enhance the knowledge gained through damage 
measurement.

3. DAMAGE MEASUREMENT TECHNIQUES  
 – GENERAL DISCUSSION

The underlying purpose of measuring damage 
is to enable an understanding of those aspects of 
blasting that contribute to the cause. Even a partial 
understanding of these mechanisms, once gained, 
makes it feasible to develop design modifications 
to mitigate the damage while still complying 
with production and development targets. The 
ability to model the damaging influence(s) in a 
predictive manner enhances the ability to control 
the problem.
 Given that an increase in fracture presence and a 
decrease in fracture load bearing capacity (quality) 
relate closely to damage, techniques to effectively 
measure such phenomena are required. 
 Damage measurement must therefore involve 
the application of sensory perceptions that are 
influenced by the presence, and quality of fractures. 
It is a particularly valid consideration that one of 
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the most important and useful sensory perceptions 
for this purpose is direct visible observation.
 In order to determine the magnitude of an effect 
(fracture increase) resulting from a cause (blast) 
it is necessary to establish a baseline of initial 
rock mass condition against which to contrast and 
compare the resulting measurement values obtained 
from the application of the same techniques after 
the causal event. Without the baseline condition 
measurement there is no reference to original 
condition and therefore it is not possible to estimate 
the magnitude of the impact of the blast event. Any 
damage related study that does not include such a 
baseline measurement will be less relevant to the 
purpose of understanding and controlling blast 
damage.
 A review of damage measurement or assessment 
techniques benefits from consideration of those 
criteria that assist in evaluating the quality or 
appropriateness of the technique itself. Additionally 
those aspects of a successful damage measurement 
method for an underground environment will 
probably differ from those aspects that are useful 
in a large scale surface coal mine, for example. 
The logical reason that this should be so is that 
the dominant damage mechanisms will very 
probably differ between surface and underground 
environments, this in turn due to the different 
geological/geomechanical environments present.
 In terms of defining a useful, attractive technique 
for damage evaluation, the author suggests that the 
important parameters must include the following:
− Repeatability: In order for an investigation 

of damage to include baseline measurement 
for comparison with subsequent post-blast 
measurements, the technique must be repeatable, 
with the minimum inherent variability possible. 
This allows detected differences in measured 
values to be assigned to actual changes in the 
rock mass and not statistical variability in the 
technique itself. For example, care should be 
taken in the selection of a seismic source in the 
event of using seismic pulse transmission based 
techniques. The damage measurement technique 
itself should not represent a source of damage

− Practical/Applicable: In the case of fundamental 
investigations there is ample scope for the 
development of laboratory techniques, 
particularly when developing new technology. 
When the objective is to carry out a field 
assessment of damage for the purposes of blast 

design fine tuning and optimization, the criteria 
for technique selection are different. Any 
technique employed in this task must be capable 
of being used on an industrial scale, hopefully 
with the minimum reasonable cost, under field 
conditions, in an acceptable time frame and 
above all, under conditions of total safety for all 
concerned

− Unambiguous: Wherever possible it is 
important that the techniques deliver results 
that are quantitative and can be directly related 
to the goal, measurement of changes in fracture 
presence. For example it is well known that a 
measurement of increased Vp in a stressed pillar 
in an underground environment may not be due 
to the absence of fractures, but rather the tight 
closure of the fractures that are present

− Link to Modeling: The final objective of 
damage measurement, as discussed above, is 
to improve understanding of the underlying 
mechanisms and take action in blast design 
tailoring that brings about a decrease in the 
incidence of damage. Given the growth in use 
of numerical models and simulation tools to 
assist in this task (both commercially available 
packages and in-house tools developed within 
explosive supply companies), it is appropriate 
that there is coherence between the numerical 
output of the damage measurement techniques 
and the required numerical input of the various 
analysis software tools. These criteria may vary 
depending on the particular software and/or 
modeling tool in use, but it is a valid point to 
keep in mind

4. DAMAGE MEASUREMENT TECHNIQUES  
 – SPECIFIC EXAMPLES AND CRITIQUE

The following discussion describes practical 
instances where several of the techniques described 
above have been utilized in a variety of physical 
environments, with varying degrees of success. 
 Clearly the review does not seek to present 
an exhaustive search of the literature (such an 
endeavour would give rise to material sufficient 
for the publication of a new text book), but 
rather considered, in general, recent examples 
of applications of the majority of the techniques 
described above.
 There is a tendency for the mechanisms 
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of damage creation to vary depending on the 
geological and geomechanical environment where 
blasting is taking place. The open pit environment 
is more prone to suffer damage effects such as 
back break and heave behind and to the sides of 
blast volumes, typically associated with dilation 
of existing fractures, creation of new fractures and 
displacement of blocks along pre-defined geological 
planes, as well as occasional gas penetration of the 
same structures.
 In this surface setting it is often easier to obtain 
more extensive physical access to the rock mass 
exposed to potential damage. Drilling of geophone/
accelerometer holes, Bore Hole Camera (BHC) 
holes, and chambers for gas pressure measurement 
and displacement markers is facilitated by this 
access and greater instrumentation coverage is 
possible, including at depth within the rock mass.
 The higher stresses typically encountered in the 
underground mining and construction (tunneling) 
sector tend to reduce the importance of gas 
penetration and displacement of discrete blocks, at 
least until the sector, pillar or hangingwall is de-
stressed by the extraction of surrounding supporting 
rock. 
 Access to all areas of damage-exposed rock mass 
is more difficult in the underground environment, 
particularly in areas where development tunnels are 
being driven to open up virgin sectors of the mine 
and no access is available other than the same tunnel. 
For this reason, underground damage evaluation 
techniques tend to concentrate on the condition 
of the surface exposures of the rock mass – tunnel 
walls and backs. This difference in access and focus 
has a bearing on the selection of techniques to apply 
for the measurement of damage, as will be seen in 
the following paragraphs.
 In describing the range of damage measurement 
techniques commonly used in the industry, it is 
useful to establish some logical framework for 
reviewing the alternatives. For the purposes of the 
current paper a distinction will be drawn between 
those techniques that can be considered to be 
direct, where evidence of damage may be visually 
assessed in some manner, and those better described 
as indirect, whereby measurements are made of 
other characteristics of the rock mass which are 
interpreted as representing to some extent the new 
physical condition of the rock mass. Perhaps a 
classic example of this latter measurement class is 
the use of Vp measurement to interpret changes in 

rock mass condition.

4.1 Direct observation techniques

If a change in rock mass condition can be observed 
directly without ambiguity then the task of 
understanding the origin of the damage should be 
facilitated. Seeing the damage remains half of the 
challenge however and further measurement is 
required in order to discover blast impacts most 
directly contributed to or caused the damage. (E.g. 
Vibration measurement at the point of damage can 
be used to related alteration to dynamic strain).
 A number of direct, visual damage measuring 
techniques are available. These include before and 
after cell or scan-line mapping of pre- and post-blast 
wall condition. This technique while capable of 
detecting change is unlikely to be routinely applied 
on a regular industrial scale due to the large amount 
of time needed for data collection. New laser 
mapping and photogrammetry analysis techniques 
have been reported where the efficiency and quality 
of this data collection process is greatly improved 
(Poropat 2001, Kemeny et al. 2006). Nonetheless 
the acquired data also relates exclusively to the 
surface of the excavation and the blasting engineer 
cannot be sure of the degree or depth to which the 
rock mass stability has been compromised.
 A similarly visual, simple technique is the 
supposed detection and quantification of the 
absence of damage by counting number and lengths 
of half-barrels on walls and backs in underground 
operations, or by counting visible pre-split half-
barrels on final (or interim) walls in surface 
operations.
 Ouchterlony (1995) made reference to this 
approach claiming that “it is not sufficient since the 
half-case ratio doesn’t look beneath the surface”. 
It is not uncommon in underground mining to 
observe half-barrels in a new roof immediately 
following a development blast, only to have various 
blocks behind the newly blasted surface fail during 
scaling operations. Once again there is the need 
for additional measurement (or at least modeling) 
of physical impact so as to relate potential damage 
mechanisms to visible alteration.
 Half-barrel counting is probably a more relevant 
technique in civil construction projects such as 
tunnels and roads where additional measures will 
have been taken to protect the rock behind the 
visible face.
 Probably the most basic visual technique is that 



of surveying the extent of surface cracking behind 
surface blasts (McKenzie and Holley, 2004). The 
principal shortfall of this technique is that it reveals 
little or nothing regarding alteration of the rock 
mass at depth, thereby not complying with the need 
to be unambiguous. A caveat to this statement is 
that such measurements of surface disruption are 
useful when the physical state of the surface is that 
condition which is sought to be defined. 
 On a number of occasions, researches from 
Sweden’s SveBeFo have used diamond saw cuts to 
retrieve solid block samples from post-blast rock 
walls, (Olsson & Bergqvist 1993, Olsson 1995, 
Ouchterlony 1995). The exposed sectional cuts 
are then painted with a dye penetrant in order to 
highlight the presence, form and length of explosive 
produced cracking. Figure 1 reproduces an image 
presented by Ouchterlony (1995). 
 This direct visual method of evaluating 
damage does reveal what is occurring beneath the 
surface and the results have been correlated with 
variations in charge density and timing selection. 
As an investigation technique this widely known 
method is an elegant, unambiguous and direct 
method of visualizing damage. It is perhaps not 
clear to what extent the method could  be easily and 
routinely applied within mining operations (due to 
the investment in specialized machinery and time 
required), it is at its most valuable in the applied 
research context. 
 The same technique was reported by 
Christiansson et al (2005), as used in a damage 
evaluation project at the Äspö Hard Rock Laboratory 
in Sweden, where damage levels were compared 
with vibration levels measured over a wide range 
of distances using a variety of instruments. One 
particularity of the vibration measurement is that at 
least some of the measurements were subjected to a 
350 Hz low pass filter, possibly removing important 
high frequency information from the original 
waveform data. One interesting conclusion reached 
by the researchers was that water filled holes would 
generate up to 3 – 4 times the crack depth as that 
generated by the same charge in a dry hole.
 In order to obtain visual access to changes in 
fracture frequency or density within a blasted rock 
mass, the use of Bore Hole Cameras (BHC) is a 
strong option, allowing a specific, visual recording 
of the condition of the borehole wall to be captured, 
prior to, and following the blast event. Careful 
distance measurements within the borehole allow 

each fracture present to be identified and logged at 
known depths. This record is then compared with 
the results of the same survey repeated following 
the blast. New fractures and/or dilated previously 
recognized fractures are therefore identified and 
located vertically within the bench.

Figure 1. Crack network behind Ø 22mm Gurit in Ø 24mm 
holes, B x S = 0.8 x 1.0 m (after Ouchterlony 1995)

 Brent et al (2001) used BHC measurements 
together with vibration and gas penetration 
measurement to investigate the effect of burden 
dimension (confinement) on damage (particularly 
related to the both vibration and gas effects). This 
study highlighted the need to have clean borehole 
walls in order to visualize the fractures. Some 
of the test holes filmed were reported to contain 
excessive wall coating with dust, making clear 
detection of any fracturing impossible. This study 
found no relationship between burden distance and 
vibration/gas penetration related damage, however 
it did not take into account the possibility of other 
sources of dilation damage, not dependent on these 
two mechanisms. A particularly attractive aspect of 
this study was the disposition of multiple types of 
measuring techniques to allow a broader spectrum 
assessment of the damage. More will be said of this 
below.
 Moving from the direct and visual, towards 
inferred techniques, one finds survey techniques 
applied to quantify the amount of vertical swell 
behind a blasted volume of rock. This technique is a 
direct measurement of the effect of the introduction 
of new fracturing, or dilation of existing structures, 
without specifically describing the quantity, or 
condition of, the fractures nor at what depth within 
the bench the majority of the displacement occurs.
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 Holley (2004) and McKenzie & Holley (2004) 
described field work which improved on the surface 
swell technique, as did Ouchterlony (1995). Both 
campaigns used what might be termed pseudo or ad 
hoc extensometers, usually rigid lengths of PVC pipe 
anchored at various depths and a range of distances 
behind the blast. Each pipe was visible above the 
surface of the bench and its position was surveyed 
precisely in 3D space, prior to and following the 
blast event. The relative displacement of the top of 
each pipe therefore described how post-blast swell 
was distributed vertically behind the blast. Figure 
2 shows a representation of a damage zone profile 
behind the final blast hole, which indicates that 
dilation-related displacement is relatively constant 
throughout the depth of the bench. In other words, 
there is no tendency to see more significant levels of 
fracture dilation at the top of the bench as opposed 
to the lower, supposedly more confined levels. 
 As with the Brent et al study, McKenzie & 
Holley combined the pseudo direct measurement 
of displacement with vibration measurement and 
BHC review of the physical nature of the drill 
holes before and immediately following blasting. 
Correlations were established, for this site and this 
particular rock mass between vibration intensity 
and increase in borehole wall cracking. 
 This study and combination of techniques 
described trends observed using a broad spectrum 
review of the rock mass condition, leveraging the 
different measurement capabilities of different 
techniques and importantly, relating the level of 
damage to a physical phenomenon (in this case  
vibration) that is to some extent controlled by blast 
design and explosive selection. This established 
the possibility of modifying the design to control 
vibration and therefore one source of damage, 
becomes available to the blasting engineer.

4.2 Indirect techniques

A number of studies have been described in the 
literature where indirect measurement is applied to 
measure blast induced damage, although some of 
the same techniques have been used as a means of 
predicting blast design parameters; the Measurement 
While Drilling (MWD) concept described by Segui 
(2001) is one such example.
 Indirect techniques measure some property 
of the rock mass that while not in itself a direct 
description of the insitu structure, is affected by 
the structure and changes in its characteristics. The 

progress of a tricone drill bit through a rock mass 
is affected by the presence and characteristics of 
structures, for example. This technique might suffer 
from ambiguity in the event that the operational 
parameters of the drill were not held constant 
while drilling, before and after the blast. ‘Before’ 
evaluations could be obtained from extended 
sub-drilling below the projected blast floor level. 
These data would be directly comparable with the 
subsequent top-of-bench drilling performance in 
the same vertical horizon, during the mining of the 
following bench below.

Figure 2. Possible damage profile around production and 
trim blast holes (after McKenzie and Holley, 2004)

 MWD onboard drill systems such as those 
manufactured by Aquila and Thunderbird Pacific 
would provide useful information for this purpose.
 The majority of indirect damage measurement 
techniques tend to be geophysical in nature. The 
principal limitation of these indirect techniques 
was described by Ouchterlony (1995) in that 
“geophysical methods, on the other hand often 
lack a good calibration that relate their readings 
to actually measured subsurface crack lengths”. 
Nonetheless these techniques are commonly used.
 Vibration measuring techniques usually 
involve the use of Vp measurement and can include 
direct transmission, refraction and reflection 
configurations. Scherpenisse (1994) used seismic 
refraction before and after blasting to detect 
changes in apparent Vp. McKenzie et al (1995) 
suggested that this work indicated likelihood that 
blast damage was related to other mechanisms as 
well as vibration. 
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 It was also possible to establish that, in this 
particular case the presence of altered velocity 
values persisted up to 18m behind the blast 
volume.
 One of the limitations of the technique is that 
there is no hard and fast relationship between the 
magnitude of the variation in Vp and the real loss in 
rock mass competence. It is not clear, in addition, if 
the refraction technique would satisfy the demands 
of a working mine for minimum disruption to the 
production activity within the operation.
 Another configuration of seismic pulse 
propagation efficiency expressed as Vp is the 
tomographic imagery of pillar structures in the 
underground environment. Tsoutrelis et al (1995) 
described a study in which hammer blows were 
used to provide a seismic pulse that was detected 
simultaneously at a number of sensor positions, 
typically on the other side of the pillar. By 
combining all source and detector travel time data 
and surveyed, straight-line, separation distances, in 
a tomographic processing package Tsoutrelis et al 
produced a number of velocity images of various 
stressed pillars following the firing of stripping 
blasts around the borders of each. One such example 
of these images is shown in Figure 3.

Figure 3. Tomographic horizontal section of P-wave 
velocity in an underground rib pillar (after Tsoutrelis et 
al. 1995).

 The images reveal generally expected trends 
where maximum quality of rock mass tends to be 
found in central zones of each pillar and the lowest 
velocity readings are concentrated at surface zones 
where de-stressing and spalling has reduced rock 

mass competence. Some key assumptions should 
perhaps be challenged including the assumption 
that the seismic pulses travel in straight lines from 
source to detector. While amplitude is considered 
to be a more structure-responsive parameter, the 
source itself (hammer blows to an aluminium plate) 
would be difficult to standardize as a reproducible 
input function.
 The technique is attractive in the format used 
to present the results. It is not clear how quickly 
the method can be used in the field, however 
simultaneous acquisition of multiple waveforms is 
a feature of the data collection system used and the 
non-explosive nature of the vibration source would 
rule out the need to evacuate the investigation 
area. It would be useful to obtain independent 
measurements (hopefully direct) of changes in 
fracture density in order to build the correlation 
relationship referred to by Ouchterlony. The paper 
does not report results of any pre-blast scanning 
and analysis of the same pillars so it is not known 
if it was possible to estimate the percentage loss 
of competence in the pillars due to the blasting 
process.
 The reflection of seismic pulses or impacts 
may also be useful in evaluating the physical 
competence of rock masses. Petr (2005) described 
a non-destructive acoustic testing method involving 
a sprung mass, impact tool that measured a property 
known as ‘impact response’ or ‘impulse response’. 
Previously used in the aircraft industry, this method 
measures a characteristic known as dynamic 
mobility, a frequency analysis based expression 
relating input shock energy to the response detected 
at the same point of impact. 
 This technique was applied in a study at the 
Henderson Mine of the Climax Molybdenum 
Company where extensive areas of tunnel wall were 
sampled before and after blasting and an attempt 
was made to use dynamic mobility as an indicator 
of change of state or competence of these surfaces. 
Some operational limitations probably affected 
the final relevance of the study, including the fact 
that no corroborating additional measurements 
of damage were gathered and no measurement 
of blast induced vibration was reported. Another 
limitation to the final impact of the study related to 
the fact that post-blast wall competence testing was 
not permitted until all walls had been fully scaled 
and secured, in some cases with active support 
measures such as tensioned or grouted rock bolts. 
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A significant portion of the damaged rock (the 
objective of the testing) would have been removed 
at this point. 
 P wave velocity has also been used on the 
laboratory scale as an indicator of change in 
competence of rock samples. The inclusion of 
fractures in core samples and large scale blocks 
(discussed in Section 5 of this paper) has been a 
relatively popular investigation technique that can 
assist understanding of the basic mechanisms of 
some measurement techniques, although not all 
of the work will have immediate application or 
relevance to a field environment.
 Hamdi et al. (2003) reported on investigations 
whereby changes in Vp were detected in core 
samples taken from blocks of rock, themselves 
recovered from the site of mining operations, from 
different parts of the blast volume. Measurements of 
porosity were also conducted on the same samples.
 The objective of the sampling approach was 
to obtain samples of rock that had been exposed to 
the vibration influence of blasting for comparison 
with others that, it was hypothesized, had not. The 
proposed origin of differences in the Vp values 
captured from the laboratory measurements was 
increased levels of micro-fracturing caused by blast 
vibration levels.
 In attempting to relate the changes in Vpvalues 
with physical alteration of the rock samples 
petrographic techniques were applied to thin section 
samples taken from the tested cores. 
 Perhaps the biggest challenge for the  
investigators in this case was establishing with 
certainty that the rock samples analysed had or  
had not been exposed to blast induced vibration. 
Samples taken from a fresh blast face would 
probably have been exposed to at least some 
vibration stress propagated behind the previous 
blast volume. In addition the natural statistical 
variability in any physical property of rock masses 
(including Vp) will tend to obscure real trends in 
this regard.
 This author suggests that the results of this study 
offer interesting material for further study in the area 
of micro fracture stimulation for the enhancement 
of mineral recovery, however as a study of macro-
level damage, the ease of application in a field 
environment may be insufficient to function as an 
industrially applicable tool.
 In summary, indirect techniques offer support 
to the task of measuring damage, however the true 

effectiveness will depend heavily on experimental 
design and rigor of data collection. An attractive 
advantage of some indirect methods (refraction 
seismic scanning, for example) is the ability to 
cover relatively large volumes of rock mass in a 
relatively short period of time.
 The use of seismic pulse characteristics has 
been one of the major alternatives employed by 
damage researchers during the last thirty or so 
years. The following section describes some specific 
experiences that are intended to highlight pros and 
contras of this family of measurement techniques. 
Finally the paper concludes with a discussion of the 
merits of measurement campaigns involving the 
combination of a variety of techniques, both direct 
and indirect.

5. PARTICULAR CASE: VIBRATION  
 MEASUREMENT BASED TECHNIQUES  
 – PRACTICAL FIELD APPLICATIONS

Measurement of vibration produced by blasting 
provides a quantitative description of the intensity 
of the shock impact, but of itself does not describe 
the result of this impact on the rock mass in terms 
of damage.
 Use of vibration data to calibrate predictive 
models that relate vibration to damage is common 
and has been shown to offer some guidance as an 
engineering tool. However blast induced damage 
may be produced by other factors (as discussed 
previously) that do not correlate directly with 
vibration intensity. An applied research project 
in a large scale open pit copper mine (Adamson 
1991) highlighted a case in which two blasts in 
distinct rock masses produced similar levels of 
dynamic strain (approximated as the ratio of PPV 
to Vp), 437με vs. 437με, yet one of the blasts, 
which showed significantly less forward muckpile 
displacement produced double the amount of 
backbreak (as measured by surface cracking 
survey). This is consistent in the context of multiple 
sources of damage, other than that of the transient 
stress effects of vibration. 
 Vibration pulses have been used to evaluate 
the physical state of a rock mass in an indirect, 
implicit, yet quantitative manner. Loss of ‘signal 
quality’ (increase in pulse travel time or decrease in 
detected – transmitted – amplitude) is equated to a 
degradation in rock mass material competence, but 
it is difficult to draw more specific conclusions in 
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physical terms (quantity of fractures, condition of 
fractures, etc). 
 Nonetheless measurements of pulse 
characteristics are carried out, to some degree 
because they are relatively simple to do, and the 
following discussion of some field applications 
may offer insight into some aspects of the correct 
application of such a technique as well as indicating 
their limitations.
 A typical unknown when attempting to interpret 
seismic pulse propagation data in terms of fracture 
presence is the number of structures actually present. 
It is possible to isolate single fracture configurations 
under very controlled field conditions as well as 
under scaled laboratory conditions. 
 One opportunity to investigate the effects of 
a single (it is assumed) fracture on seismic pulse 
propagation occurred during a field evaluation of pre-
split blast effectiveness in an open pit copper mine 
(Adamson & Scherpenisse 1998). The supposition 
in this case was that in firing a controlled, pre-split 
blast, it would be possible (at least intended) to 
introduce a single fracture plane, or narrow fracture 
zone into a previously characterized ‘intact’ rock 
mass. 
 Operating under this assumption the pre-split 
evaluation was carried out using geophone arrays 
(biaxial) positioned a short distance (3m) either 
side of the pre-split line, at the same vertical 
depth. A single explosive source (450g booster) 
was fired at the same depth on the blast side of the 
pre-split line, some 5m from the nearest geophone 
array. Vibration waveforms were acquired at both 
geophones prior to firing the pre-split charges, 
and then the procedure was repeated immediately 
following the blast. The first data set was interpreted 
as the ‘without fracture’ condition.
 The experimental arrangement is shown in 
Figure 4.
 The ratio of pulse amplitude at both geophones 
was assumed to represent a direct ray-path 
indication of vibration attenuation, attributable to 
the natural characteristics of the rock mass (i.e. 
without a pre-split fracture). The same calculation 
carried out using the post pre-split firing waveforms 
was carried out to calculate the ‘transmissibility’ of 
the pulse incorporating the pre-split influence.
 This process led to the estimation of vibration 
attenuation (under the specific physical conditions 
encountered) of approximately 50% of the original 
value. In the context of the present paper, the value 

of the exercise is simply to demonstrate that the 
attenuation of a controlled pulse can be used to 
detect the presence of a change in fracture density 
in a manner that is at least relatively quantitative.

Figure 4. Instrumentation layout, prior to and following 
pre-split firing.

 Another approach to using pulse amplitude as 
an indicator of the presence of a structural feature 
involves the calibration of a near-field vibration 
model using two geophone arrays installed in a 
linear arrangement, perpendicular to what will be 
the line of a pre-split blast. Single shot or charge 
vibrations acquired before and after the pre-
split firing can be used to calibrate the vibration 
attenuation models with and without the presence 
of the pre-split fracture (or fracture zone).
 Such an exercise was conducted in Northern 
Chile in 2003 (Schellman, personal communication) 
and the Figure 5 below shows the results obtained. 
The lower line represents the post-blast (with pre-
split) attenuation curve. A downward shift in this 
curve indicates an increase in pulse attenuation 
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over the same distance, an increase attributable at 
least in part, to the presence of the pre-split blast 
result.

Figure 5: Use of vibration attenuation models to describe 
the presence of an artificially created single fracture or 
fracture zone (pre-split) (after Schellman 2004)

 The tendency in the log-log plot suggests that 
the level of attenuation decreases as the distance 
between pulse source and ‘fracture’ increases. This 
is consistent with the increasing probability that the 
pulse will encounter alternative ray paths ‘around’ 
the structure (of finite size and extent) and therefore 
not be exposed to its attenuating characteristics.
 The fact that pulses can find alternative paths 
around, rather than through or across structures or 
fractures explains at least part of the tendency to 
observe an increase in travel time and an apparent 
decrease in Vp due to the presence of fractures. 
 A valid question relates to what will be the 
tendencies in propagated pulse characteristics 
when one is sure that the travel path does not go 
around the structure. An experiment was designed 
and carried out (Adamson 1992) to analyse pulse 
propagation across fracture planes where indirect 
transmission paths around the fractures were not 
available or possible.
 The characteristics of the geological structure 
or fracture will have an important bearing on 
this question. A laboratory scale experiment was 
conducted whereby a 2m x 3m x 1m deep concrete 
block was built, containing a series of vertical holes 
and cast fractures running the full width and depth 
of the block. The fractures were alternatively filled 
with water and a cement grout, (as well as air in 
the unfilled condition). A closed fracture was also 
created during the construction of the block. 
 The arrays of vertical holes were used as source 
and detector locations to propagate a series of very 
low amplitude but highly repeatable seismic pulses 

across the various fracture configurations from 
a piezoelectric source to a hydrophone detector. 
Vertical profiles of transmitted pulse amplitude and 
wave propagation velocity were constructed across 
the fractures under different in-fill conditions as 
mentioned above. 
 As expected propagation across water and 
grout filled fractures produced decreased amplitude 
and velocity values when compared with intact 
material. Also as expected, the presence of open 
fractures (5mm width) prevented any transmission 
whatsoever. 
 The observed results for propagation across a 
closed fracture were instructive. While there was a 
marked reduction in the amplitude of the pulses in all 
cases (all source-detector combinations, all depths), 
experimental results indicated no statistically valid 
observable reduction in P wave velocity, across the 
closed fracture.
 This experimental result leads the author to 
question the extent to which P wave velocity 
variations can be used to interpret rock mass 
damage unambiguously. However pulse (field and 
laboratory) attenuation characteristics have been 
shown to interpret the presence of one or more 
fractures within a rock mass.

6. NEW TECHNIQUES – A SUGGESTED  
 APPROACH

Aguilera & Adamson (2006) presented an initial 
discussion of a damage measurement technique that 
functions during the blast event itself. The majority 
of the techniques reviewed in the current paper have 
concentrated on the ‘before’ and ‘after’ context of 
blasting (and in some cases only the ‘after’). An 
exception to this limitation is the high speed filming 
or high speed video data capture technique, which 
also detects the development of blasting effects 
(including damage) in ‘real time’ in the same way 
that vibration and gas pressure disturbances are 
quantified dynamically. 
 The challenge is to measure dynamically the 
change in rock mass structural fabric simultaneously 
with the active blast influences. La Rosa & Chen 
(1997) described the application of Time Domain 
Reflectometry (TDR) in a block caving mine 
in Australia, not in the context of blast induced 
damage but with the intention of monitoring the 
vertical advance of the caving front. This campaign 
was successful in measuring changes in the length 
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and condition of grouted coaxial cable sensors as 
the rock mass within which this cable was installed, 
detached from the base of the caving ore column and 
fell into the production void below. This technique 
could be described as dynamic but slow as it 
occurred within the time frame of the phenomenon 
being studied (caving of an orebody).
 The blasting process is a much more rapid and 
short duration event, therefore the measurement 
technique must have a response time to cable 
change that is considerably quicker than the TDR 
case described above. 
 The use of resistive cable in explosive charges 
to measure VoD has been conducted for many years 
and can be considered to be mature technology, 
with a potential sampling frequency of up to 2 
MHz or 500 nanoseconds per data sample point. 
Aguilera & Adamson (2006) describe how the 
same technique may be applied to detect discrete 
changes in the physical state of the cable in order to 
interpret the impact of blast influences on the cable 
and therefore the rock mass within which the cable 
is emplaced. An interesting feature of the technique 
is that these impacts are measured and identified in 
terms of where and when they occur with respect to 
physical 3D space and if required, a known moment 
in time.
 The current limitation of this technique is that it 
does not discriminate with certainty between what 
aspect of blast impact (e.g. vibration, gas penetration 
or block movement) produced the change in cable 
condition. Some work has been done to investigate 
the detailed characterization of recorded signals 
to enable unambiguous discrimination between 
different impacts; however this work is far from 
complete.
 As was discussed by McKenzie & Holley (2004), 
Brent et al. (2001) and Ouchterlony (1995) the 
simultaneous combination of a number of techniques 
may assist in removing some of this ambiguity. 
Guerrero (2003) described an experimental 
arrangement of instrumentation, combining the 
resistive wire technique with vibration measurement 
and pre- and post-blast BHC evaluation of an open 
bore hole, to investigate damage in a Colombian 
limestone quarry. The experimental layout is shown 
in Figure 6, together with the results obtained. An 
equipment malfunction prevented the acquisition of 
the vibration signal however the resistive cable data 
(in this particular case acquired using an MREL 
μTrap system) indicated significant cable ‘hits’ at 

two identified depths. Post-blast BHC examination 
of the previously surveyed borehole showed new 
fracture presence at depths that matched with the 
cable alteration positions. The collection of vibration 
data would have permitted further investigation of 
the possible causes of this new fracturing. 
 An additional feature of the data acquisition 
process, as yet not conducted, will be to link the 
acquisition of the resistive cable data to a discrete, 
identified and relevant moment in time during the 
blast. An example of such a ‘trigger point’ would 
be the detonation of the explosive charge directly 
in front of the resistive cable installation point. 
The acquired data could then be directly associated 
with the nearest possible source of the damaging 
influence. Alternatively this charge effect might be 
discarded as a source of the cable damage.

Figure 6. Instrumentation array and graphical display of 
damage measurements incorporating BHC and resistive 
wire data collection.

Finally the author would like to suggest that 
additional studies be pursued using a combination 
of measurement techniques including that described 
above. Figure 7 depicts one possible instrumentation 
array combining BHC (direct), vibration (indirect), 
and extensometer and resistive cable (semi-direct) 
damage measurement.
 At this point in time, this investigator has not 
had the opportunity to conduct such an experiment. 
Readers of this paper are invited to do so.

7. CONCLUSIONS

The creation of blast damage is a serious and 
undesired consequence of production or tunnel 
blasting, which is unlikely to be completely 
eradicated. The negative effects of this reduction 
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in rock mass competence reduce the quality of 
the engineering material that the rock represents 
for blasting and, in particular, geomechanical 
engineers.

Figure 7. Possible data collection array for damage 
measurement study.

Quantitative measurement of this phenomenon 
should lead to increased understanding of damage 
mechanisms, which in turn should allow the 
possibility of developing mitigation strategies in 
blast design. It is an oft-repeated truism that one 
cannot control a process without first measuring it. 
This applies to the phenomenon of damage.
 An ample range of damage evaluation 
techniques exist and are employed today in the 
blasting industry. These include direct and indirect 
methods, each with associated benefits, advantages 
and weaknesses. This paper has attempted to 
describe in an objective manner a number of the 
more commonly used (or at least reported in the 
public domain) approaches.
 Some assumptions have been questioned or 
challenged, with experimental support. As an 
example it has been shown that pulse propagation 
across an open fracture rarely occurs and propagation 
across a closed fracture will not exhibit a decrease 
in the velocity of propagation, although significant 
reduction in pulse amplitude is very likely.
 A resistive cable damage evaluation technique 
has been described and it is suggested that this type 
of measurement offers significant potential and 
merits further investigation.
 In conclusion the author emphasizes the benefits 
of applying a number of distinct techniques at the 
same time, at the same point in the rock mass. This 
combination will enable simultaneous evaluation 

of a number of distinct damage producing blast 
originated phenomena. This will help prevent the 
possibility of measurement ‘blind spots’ that could 
lead to the non-detection of important effects that 
lead to a less complete understanding of the damage 
phenomenon.
 A number of investigators have made 
admirable progress in this regard and it is strongly 
recommended that this work continue and be 
extended.
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