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1 INTRODUCTION 

The 42" diameter BTC pipeline originates at the 
Sangachal Terminal near Baku in AZERBAIJAN 
and runs westwards to GEORGIA where it 
becomes 46" diameter after Pump Station G1. The 
pipeline runs parallel to the existing western route 
export pipeline (WREP) through Azerbaijan. From 
the Georgian border, the pipeline travels in the 
direction of Tbilisi, and then approximately 20 km 
to 30 km from Tbilisi, it turns south-west towards 
the Georgian/Turkish border to join the Turkish 
section of the pipeline. The pipeline reduces back 
to 42" as it joins the Turkish section. 

The 42" diameter SCP is approximately 690 
km in length from the Sangachal terminal to the 
Georgian/Turkish border near Akhaltsikhe. The 
SCP runs parallel and to the north of the BTC 
Pipeline, with a nominal centre-line separation of 
28 m.  

2 TECHNICAL ASPECTS  

2.1 Geology of the rocky areas  

Average top soil thickness is 0.1–0.6 m. In some 
areas, rocks or boulders are at or near the ground 

Determination of the most economical blasting methods for the         
Baku-tbilisi-Ceyhan and South Caucasian pipeline projects         

H. Salgır, O. Öğün, & A.G. Halıcılar  
Nitromak, Turkey  

 

ABSTRACT: The Baku-Tbilisi-Ceyhan (BTC) pipeline will be a dedicated pipeline system to transport 
up to one million barrels per day – 50 Mt per annum – of crude oil from the Sangachal Terminal near 
Baku in Azerbaijan, through Georgia to a new marine terminal at Ceyhan on the Mediterranean Coast of 
Turkey. Tankers will then ship the oil to the international markets. The 1760 km pipeline is due to 
become operational in 2005. In addition to the BTC pipeline, the South Caucasus pipeline (SCP) is under 
construction for the transportation of up to 7.3 billion cu m of natural gas per annum from the Sangachal 
Terminal, through Georgia to the Georgian/Turkish border, for onward distribution to Turkish domestic 
customers. The SCP pipeline is constructed parallel to the BTC pipeline through Azerbaijan and Georgia. 
The blasting operations for the 248 km portion of these pipeline projects were executed within the 
borders of the Republic of Georgia. In order to execute the blasting operations safely, rapidly, vibration 
controlled and with minimum environmental damages caused by blasting, very strict HSE rules were 
followed. All employees attained the HSE courses and all predetermined rules were applied during the 
execution stages. In addition, the blasting was intended to be cost-effective. The main explosives and 
ignition system used in the project were: cap sensitive emulsion (Emulite T), ANFO, booster sensitive 
emulsion (Emulite 8000) and a non-electric (Nonel) ignition system. The blast holes were charged with 
Emulite T and ANFO or Emulite 8000, and were initiated by Nonel ignition system. In some critical 
areas, the blast area was covered by geotextile for protecting the site installations against any possible fly 
rocks.  One of the most important difficulties faced during the blasting of the SCP trenches was the risk 
of a negative effect of the BTC pipeline from the blast induced vibration.The distance between the BTC 
and S SCP pipeline was 12–22 m. Vibration monitoring equipment was used during the blasting 
operations. The authors will discuss the management of the trench blasting works involving a high degree 
of health, safety and environmental precaution as well as vibration limitations.

Brighton Conference Proceedings 2005, R. Holmberg et al
© 2005 European Federation of Explosives Engineers, ISBN 0-9550290-0-7
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surface. In some locations, angular and cobbles 
and boulders are in a matrix of clay. 

 

Figure 1. Location. 

In the central section of the route, volcanic    
igneous rocks are common. These comprise of 
strong grey basalt and andesite lavas. 

Ground conditions along the route alternate 
over distances of tens to hundreds of meters, from 
lobes of blocky lava to weaker tuffs, agglomerates 
and sedimentary rocks or to colluvial and boulder 
rich talluvial soils. 

2.2 Trench section  

The trench section to be blasted was of 1.6 m   
bottom width and 2.3 m depth. 
 

Figure 2. Trench section. 

2.3 Energy loses in non-homogeneous rock 

Approximately 50 % of the energy from the 
charges is wasted in fragmented or blocky rock 
conditions. Therefore, the loss of effective heave 
energy from the ignited explosive was 
compensated by increasing the specific charge in 
some areas.  

2.4 Stagnant water conditions 

In boreholes with stagnant water, the best solution 
is to use water resistant explosives in bulk form 
and start charging from the bottom of the holes; 
but owing to the location and type of the work 
(small diameter, 3 m deep holes) bulk charging 
was not applicable. Therefore the water resistant 
emulsion, Emulite 8000 in cartridge form, was 
used. 

2.5 Blast design 

One drill rig was allocated by the contractor for 
test drillings, in advance, along the right of way. 
Test drillings were done for every 4 m. The reason 
for these test drillings was mainly to determine the 
locations and length of the sections to be blasted. 

In order to receive the required trench section 
after the blast, in this kind of rock formation,    
several drill patterns were tested and one basic  
pattern was selected. For this pattern, two different 
initiations were used. In order to have a wider 
trench section in the curves, a three holes pattern 
was used. 

Figure 3. Each hole connected with one surface delay SL 
17.  
 

Figure 4. Two inholes detonators (U 500, U 475)       
connected with one SL-17. 
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Figure 5. In trench curves a three holes pattern was used 
with one SL-17 surface delay connection each Fragmen-
tation. 

2.6 Fragmentation 

One drill rig was allocated by the contractor for 
test drillings, in advance, along the right of way. 
Test drillings were done for every 4 m. The reason 
for these test drillings was mainly to determine the 
locations and length of the sections to be blasted. 

In order to obtain optimal mucking with the 
backhoe loaders, the required fragmentation was 
set at less than 60 cm of broken rocks. 

Besides the explosives and initiation systems, 
the rock mass, fractures, fillings and discontinuity 
are also the other main parameters to affect the 
blasting results and, therefore, the fragmentation. 

In order to minimize the complexity and      
prevent misapplications, a standard drilling pattern 
was applied and only for special cases was the 
drilling pattern changed. 

2.7 Record keeping 

Record keeping is an important cost control       
parameter. The daily consumption of detonators 
and explosives as well as the blasting cost per   
linear meter of the trench had to be recorded and 
controlled every day in order to keep within the 
limits of the predetermined cost.   

3 RISK MANAGEMENT OF THE BLASTING 
OPERATIONS  

There were several blast-induced risks in the 
project. These risks were essentially property 
damages while passing very close to the villages 
and the parallel pipeline, as well as those faced 
during river crossings. 

3.1  Parallel Pipeline Blasting 

Several known vibration prediction formulae were 
used to predict the blast-induced vibrations. Vibra-

tion monitoring was also done during the BTC 
pipeline blastings before the SCP blastings had 
commenced. 

Especially for the SCP trench blastings, it was 
very important to determine the limit for the peak 
particle velocity for the adjacent BTC pipeline. 
There was no predetermined vibration limit for the 
BTC pipeline project in the bidding stage. After 
long discussions both with the contractor and the 
client, the limit was agreed at 50 mm/s on the 
ground above the buried BTC crude oil pipe. 

For vibration monitoring, ABEM UVS 1504 
seismograph was used. Some of the critical    
blasting records are illustrated in Figures 6 and 7. 

 
Figure 6. Critical blasting records. 

Table 1. Blasting details. 
Blast 
Loc. 

Monit. 
Loc. 

Dist 
(m) 

Max. 
Kg/ 
Delay 

Ground 
Cond. 

PPV 
mm/s 

Freq 
Hz. 

SCP House 80 7,7 Basalt 11,3 28 

PS-
G2 

PS-G2 
Camp 

70 9,3 Basalt 10,4 36 

SCP Marble 
Factory 

100 3,0 Basalt 0 0 

SCP Crude 
Oil 
Pipeline 

20 3,7 Basalt 33,1 51 

SCP Crude 
Oil 
Pipeline 

15 4,23 Basalt 19,2 31 

SCP Crude Oil 
Pipeline 

15 3,14 Basalt 39 19 

SCP Crude 
Oil 
Pipeline 

15 3,99 Basalt 35,9 24 
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Figure 7. Critical blasting records. 

3.2  River crossings 

Several small river crossings faced during the 
pipeline blastings. The blasting parameters are 
shown in the table.  

 hole diameter  : 76 mm   
 burden    : 1.5 m  
 spacing    : 1.5 m  
 pattern    : zig zag   
 depth of the hole : 4.5 m   
 direction of holes : vertical  
 explosive quantity : 8.0 kg/hole  
 specific charge  : 1.66 kg/m3

rock     : basalt boulders   
 explosive   : cap sensitive emulite, 
 emulite 8000  
 initiation    : nonel u475, 500, sl-42 

4 HSE MANAGEMENT  

The Client had specific requirements for HSE on 
this project. These had arisen because, early in the 
life of the project, the client recognized that 
pipeline projects have historically proved to be 
extremely hazardous, and have involved 
significant numbers of fatalities. The client, 

therefore, commissioned research work and 
consulted widely with the industry to determine 
the key issues needing to be addressed and what 
should be done. The aim was to achieve a step 
change in safety performance for this and other 
pipeline projects. 

5 QUALITY ASSURANCE 

Both productivity and safety in blasting industry 
has been improved during the last 15 years, and 
the application of safety measures showed us that 
there is no conflict between them. 

The international ISO 9000 series of standards 
present a structural approach for developing a 
quality assurance system in all types of production 
or service operation, including explosive produc-
tion and blasting operation. In practice, the shorter 
definition of this system is to deliver the product 
or give the service in accordance with the specifi-
cations. 

Application of the quality standards in this  
project increased the productivity and safety. 
Those people involved in blasting especially,   
concentrated on their job rather than worrying 
about health and safety. 

6 ECONOMIC FEATURES 

6.1 Cost aspects of the blasting operations 

The cost of the blasting operations for the SCP 
and BTC pipelines can be considered to be 
composed mainly of five items: 

− initiation system; 

− explosives; 

− storage; 

− transport; 

− manpower.  

6.1.1 Initiation system 

In order to control the overall cost of blasting 
operations, initiation system is the key factor. 
Because of working in a narrow trench, the 
blasting should not only be safe but also 
continuous, efficient, quick in handling and 
trustworthy. The quantity of non-electric 
detonators in stock should be kept as low as 
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possible, being most suitable for this kind of 
operation. Therefore, Nonel Unidet from Dyno 
Nobel was used for the initiation. 

6.1.2 Explosives 

Cap sensitive emulite (Emulite-T) was used as the 
primer in the blast holes. As column charge, the 
most widely used cost-effective explosive, ANFO 
was used. However, in the wet holes, cartridged 
Emulite 8000 was used. In order to control the 
charge concentration in the holes, ANFO was 
sometimes charged in bag form. 

6.1.3 Storage 

Conditions in the country demanded extra 
precautions for storage security. This was one of 
the bottlenecks. 

One main storage and two mobile storages 
were used. The imported explosives were first 
stored in the main storage and then transported to 
the mobile storages. 

6.1.4  Transportation 

During importation from Turkey, 30 t capacity 
trucks were used in order to reduce both the 
transport costs and the import formalities. 
Transportation from the main storage to the 
mobile storages and to the blasting areas was by 
means of two specially designed explosives trucks. 
Military escort was also used during all 
transportations. 

6.1.5  Manpower 

As the blasting subcontractor, Nitromak employed 
two blasting engineers and two blasters from 
Turkey whereas the assistant blasters and unskilled 
labourers were local employees. The blasting crew 
was 10 in all. The guards for explosive storages 
were comprised of 10 locals. As additional 
security, military personnel were also used. 

6.2 Split of cost parameters 

The split of cost parameters for the blasting opera-
tions of BTC and SCP projects are illustrated in 
Figure 8. 

This level of participation was special to this 
project and may differ for other similar projects. 

Cost parameters of Blasting Operation

Initiation
32%

Explosives
33%

Storage&Guar
ds

13%

Transport
11%

Manpower
11%

Initiation

Explosives

Storage&Guards

Transport

Manpower

Figure 7. Cost parameters of blasting operations. 

6.3 Practical rules for economical blasting 
operations 

In order to obtain more economical blasting opera-
tions: 

− (a) a site survey and document control shall be 
made just after the award of the project. This 
will help to determine the actual site situations 
and will enable early precautions, both techni-
cal and commercial; 

− (b) types of explosive, initiation system and 
blast design shall be selected so as to suit the 
encountered rock formations; 

− (c) works shall be carried out in accordance 
with a detailed method statement; 

− (d) all employees shall be well-trained; 

− (e) daily reports shall be kept regularly in line 
with the time schedule and method statements; 

− (f) blasting results and specific charges shall 
be controlled for each blast; 

− (g) overall cost shall be calculated for each 
blast. 

CONCLUSION  
The geological records provided by the clients 
during the bidding stage of such pipeline projects 
are only indicative and seldom accurate and 
constructors/subcontractors do not generally have 
enough time and facility to verify the existing 
geological conditions along the route; cost 
estimates are approximate and risky. Therefore, a 
large reserve should be considered in pricing. 
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In this case, after the commencement of blast-
ing operations, it was understood that information 
provided about the length of the trench in the 
rocky areas for the BTC pipeline was not accurate 
and was only half the length that was detailed dur-
ing the bidding stage.  This had a major negative 
impact on cash flow and profitability. In total, over 
100 km of trench blasting was carried out for BTC 
and SCP projects. In spite of all difficulties en-
countered during execution, both BTC and SCP 
pipeline trench blastings were completed on time 
and without accident. Overall success was attrib-
uted to having selected the right explosive materi-
als, employed qualified labour and good planning. 
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1 OVERVIEW OF LÖTSCHBERG PROJECT 

The Lötschberg railway tunnel was built to      
connect cantons of Berne and Valais in Switzer-
land. This construction has two lanes that cover 
approximately 36 km and a ventilation plant       
divided into different portions, some of which are 
mechanically bored, others of which are drilled 
and blasted. 

Arge Ferden, an association of several civil   
engineering major companies, one of which is 
Bouygues TP, a subsidiary of Bouygues, is in 
charge of the middle section of the project. This 
section, excavated by explosives, includes: 

− 1 access tube, a 4 km long slope of 10 %,     
descending from Ferden at the surface to the 
base tunnel; 

− 2 tubes, 1.5 km long each, in the direction of 
the south; 

− 2 tubes, 5.6 km long each, in the direction of 
the north; 

− 1 technical tube, 1.3 km long; 

− a 450 m long central ventilation plant. 

This section requires a total excavation of 
1,680,000 m3 over about 19 km of tunnel galleries 
with a 70 m² mean section. Approximately 
298,000 anchors, 88,000 m3 of grouting and 
310,000 m3 of concrete are needed to carry out 
this part of the project. 

The two bounds (south and north) are simulta-
neously conducted through the two tubes. 

ROBOFORE programmable drilling machines 
are used to drill the holes to be loaded. For each 
pattern, the drilling machine is aligned with a laser 
beam. The previously programmed drilling pattern 
is automatically processed under an operator’s 
visual survey. 

Lötschberg tunnel - blast efficiency improvements 

C. Lemai  
Bouygues TP, France  

A. Blanchier 
Explo-Tech, France 

 

ABSTRACT: Lötschberg tunnel is a 36 km long tunnel in Switzerland with two paths and a ventilation 
plant. It is built by AG FERDEN, an association of several major civil engineering companies, one of 
which is BOUYGUES TP, a subsidiary of BOUYGUES. 
Rock is excavated by blasting, grinded at the face and conveyed up to the surface, about 1000 m above. 
The explosive used is a bulk emulsion by DYNO mixed on site. Blast patterns are drilled with a 
ROBOFORE drilling machine. 
Rock oversize mainly due to ‘Bergschlag’ phenomena – rock bursting out at the face because of a huge 
overburden (the tunnel was approximately 2000 m below surface level at this stage) – caused a slow-
down in the grinding process. An analysis of explosives and rock behaviours in these particular 
conditions was conducted by BOUYGUES TP and EXPLO-TECH. This analysis needed some 
experimental trials to confirm hypotheses made on rock explosives interaction.  
The understanding of abnormal behaviours of explosives in this context has led to proposals to change 
blasting procedure, particularly in drilling parameters. These changes led to an improvement in blasts 
and, later, to increased efficiency in the loading and grinding process. At the same time, the drilling 
parameter changes suggest new opportunities; in particular, a significant increase in the length of rounds. 
 

Brighton Conference Proceedings 2005, R. Holmberg et al
© 2005 European Federation of Explosives Engineers, ISBN 0-9550290-0-7
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Figure 1. Lötschberg tunnel project general view. 

Figure 2. Arge Ferden section view. 
 

Dyno Nobel bulk emulsions are mixed on site 
and loaded by trucks that are rented to the       
company and operated by ARGE FERDEN       
operators. 

Emulsion explosives characteristics are as    
follows: 
− density  0.8 @ 1.2. 

− energy  3.2 MJ/kg 
− VOD   4000 m/s. 
− gases  vol. 940 l/kg 

Each hole is initiated by a 25 g emulsion 
booster (15 mm_150 mm), fired by a Nonel Lp  
in-hole detonator. 

Blasted rock from the muck pile is loaded by 
an electrical front shovel into a mobile crusher 
near the face. Each bound of each tube has its own 
mobile crusher, the opening of which is limited to 
800 mm and therefore constitutes one of the most 
limiting factors for blasts. 

Crushed rocks are then conveyed up to the   
surface where they are stored, transported and   
further crushed, to be used as a basic component 
of structure concrete in the tunnel. 

2 GEOLOGY AND OPERATING 
CONDITIONS 

This section of the Lötschberg tunnel is excavated 
mainly in very hard and very abrasive granite. It is 
located between 1000 m and 2000 m below the 
surface. 



Explosives

Booster + Nonel

Robofore

Crusher teeth 

Mobile crusher and front 
shovel

Figure 3. Some photos of various operations. 
Band conveyor

Band conveyor up to the surface
- 281 -



- 282 -

This particular situation induces specific       
behaviour of rock and, therefore, very special 
working conditions: 

− water inflow pressure of about 12 MPa that 
requires special concrete injections; 

− high temperature of rock at the face (up to 46° 
C); 

− ‘Bergschlag’ phenomena: rock bursts out at 
the face after blasts because of high internal 
stresses due to natural loading under 2000 m 
of rock. 

Figure 4. Rock burst in the face. 

3 BLASTING ANALYSIS  

Explo-Tech was called by Arge Ferden association 
to assist them in improving blast efficiency.      
Different topics were involved, such as drilling 
pattern and drilling organization, explosives load-
ing procedures and overbreaks reduction; but the 
main purpose was to reduce block size. Because of 
the 800 mm opening of crushers at the face, each 
oversized block could stop the whole production 
process, and it happens time to time, although 
costly efforts to collect and break these blocks 
were undertaken by the company. Various changes 
in blast pattern, powder factor and delays have 
been tested by operators without the hoped-for ef-
ficiency. 

To understand the real cause of these oversized 
blocks, a detailed survey of five blasts over a     
period of a week was conducted. It was decided to 
limit this first analysis to the West North Bound. 
The results of this analysis should be available for 
the East North bound, very close from the         
previous one and perhaps even for West South 
Bound and East South bound. 

3.1 Drilling pattern 

With a programmable drilling machine such as 
ROBOFORE, the quality of the hole is for the 
most part enough for the length of the round, i.e. 
approximately 5.4 m. The plane, zero for the hole 
length, normally defined in respect of a single 
plane for the hole toe, was too close to the face, 
and so it was made concave and the centre holes 
made deeper than the contour holes. There were 
too many holes in the parallel cut surrounding the 
large empty holes. The rocks tended to break     
between holes during drilling, causing a loss in  
efficiency and overspend. A change in the cut 
largely reducing the number of holes was         
proposed and adopted. 

3.2 Explosives loading procedures 

With the exception of some observations on safety 
procedures such as insufficient care taken of site 
mixing trucks or too-early preparation of too-
numerous primers (Forcit emulsion booster and 
Nonel LP caps), the main possible improvements 
concerned explosives loading. 

The first thing noted on arrival at the face    
during the explosives loading process was a very 
strong smell of ammonia: bulk emulsion produces 
ammonia gases when poured on concrete (grout-
ing). This occurred at the start of the loading  
process. Emulsion is pumped into the loading hose 
until the explosive flow is correct. First, water is 
flushed from the hose and finally, a mixture of   
water and explosives. The same falls down on the 
floor partially covered with grouting and used for 
the sides and tunnel face. More importantly, this 
was owing to an excessive amount of explosive 
pumped into the holes. A quick evaluation          
revealed that more than 50 % of the holes were 
overcharged. Approximately 5–10 % of the total 
amount of explosives used in a round was spilled, 
pouring out of the holes and flowing along the 
concrete covered face. This is partly due to the 
discrepancy between the length of hole, but mainly 
due to the fear of blasters receiving an under-
charged round. Note that complete sensitization of 
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bulk emulsion is achieved in the hole and that ex-
plosives density changes from approximately 1.4 
when just loaded to approximately 0.9 when fully 
sensitized, some 2 min later. It also means that ex-
plosives expand by approximately 30 % , making 
it necessary to load only about half a hole to ob-
tain the correct charge. It is always very difficult 
for blasters to receive this, particularly when block 
size reduction is required. 

A table of charge versus hole length was drawn 
up to help the blaster adapt the explosives amount 
according to hole characteristics. It takes into     
account variations due to drill bit diameter reduc-
tion with time. After control, this table allows    
operators to respect charge length with a maxi-
mum error of 10–20 cm. 

3.3 Overbreaks 

There were only a few overbreaks along the tunnel 
perimeter, particularly in a rock mass so suscepti-
ble to  ‘Bergschlag ‘ phenomena. Note, however, 
that only a few hole traces were visible after blast. 
Perimeter holes as production holes were over-
loaded but without creating large overbreaks. 
Some blocks fell from the tunnel shoulders, to the 
right and left of the face, according to structural 
variations and delay organization along the        
perimeter. Even if some improvements were     
possible, no changes were proposed to the perime-
ter holes at this stage. 

4 ORIGIN OF OVERSIZED BLOCKS 

With the exception of some blocks oversized due 
to overbreaks or geological instabilities, block size 
was very fine along the last 2–3 m of the round. 
Oversized blocks were found mostly at the begin-
ning of the muck pile corresponding to the first 2 
meters of the round, near the previous face and 
holes collar. They were located near bolts used in 
the face to be blasted to avoid  ‘Bergschlag‘. 

Different hypotheses on the origin of these 
oversized blocks were proposed in viw of these 
findings: 

− first, assuming  that oversized blocks came 
from less fractured areas of the rock mass, 
blocks should be found at different locations 
in the muck pile according to geological varia-
tions. As this was not the case, this hypothesis 
did not explain the facts; 

− second, considering that the hole charge was 
insufficient or collar too long to let explosives 

break rock at the face, significant change in 
explosive loading was proposed. Without any 
change in the drilling pattern, blasts had been 
loaded using an empty collar of 1/3 of the hole 
for production blasting, i.e. 1.8 m, and blasts 
have been loaded with an empty collar of 0.2 
m for production holes. The number of blocks, 
between 15 and 25, and their size, between 0.5 
m3 to 1 m3, were similar in the two cases. It 
was, therefore, obvious that the origin of 
blocks was not linked to powder factor in that 
range of explosives consumption; 

− third, was to propose a relation between bolts 
in the face and blocks creation. Bolts could 
prevent gases to vent in natural fractures, and, 
moreover, in fractures newly created by shock 
waves. This effect could be responsible for an 
increase in number and, eventually, in size of 
blocks.This hypothesis was based on the fact 
that blocks were found near bolts and that the 
number and size of blocks could vary widely 
from one blast to another, as observed. An   
experiment to remove bolts for a couple a 
blasts was undertaken in order to test this    
hypothesis. Results of those tests showed that 
there was no real effect of bolts on muck pile 
size distribution and, particularly, on block 
number and size. 
 
A complementary observation gave rise to a 

new hypothesis. Some of the discovered blocks 
were crossed by a remaining hole. Some of them, 
with a face covered by grouting, went obviously 
for the surface of the face. Others, without any 
trace of grouting, came from a deeper location in 
the round. In the case of these latter blocks, with 
high powder factor corresponding to an empty  
collar of approximately 0.2 m, a precise observa-
tion of the remaining drilling hole explains the  
behaviour of explosives in this part of the face: the 
surface of the hole was smooth and no significant 
cracks were visible along and around this hole. 
There were no traces of explosive along the inter-
nal face of the hole  – normal if the charge is 
flushed out of the hole by gases from another hole 
or if this piece of rock is pulled out of the face by 
a previous detonation. Therefore, the explosive 
barely detonated and may even have deflagrated or 
burned in this part of the hole. As explosives  
detonate perfectly at the opening of holes, evident 
in the excellent fragmentation at the end of the 
round, the charge must have been desensitized at 
the other end of the hole. This desensitization is 
linked to gases venting in fractures parallel to the 
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face and due to the rock mass relaxation (attested 
by the  ‘Bergschlag ‘ phenomena). The increase of 
powder factor makes this situation worse. 

5 REDUCTION OF OVERSIZED BLOCKS 

As it was not possible, nor economically viable to 
change explosives, the only way to reduce over-
sized blocks number or size was to improve explo-
sive efficiency and suppress or reduce explosive 
desensitization. Two parameters susceptible to   
increase desensitization risks were detected: an  
increase of distance between holes decreases the 
probability of gases venting from one hole to     
another; and the pressure level of those gases. An 
increase in the diameter of the explosive, which 
was close to critical diameter, decreases the sensi-
bility of explosives to pressure. For bulk explo-
sives, an increase in the charge diameter meant an 
increase in the drilling diameter. The drilling      
diameter, initially of 51 mm, was replaced by 64 
mm. This change was effective in reducing block 
size. This was not the only change. 

6 COMPLEMENTARY IMPROVEMENTS IN 
BLAST EFFICIENCY 

The change in drill bit diameter necessitated a 
change too in the drill rig and rods. Thus, the 
length of the rig was increased from 5.5 m to 6.4 
m. The increase of efficiency of explosive and of 
precision in the drilling, together with the increase 
in rod diameter led to an advance of approximately 
6.4 m. At the same time the increase of explosive 
efficiency and of drill bit diameter allowed to 
largely reduce the holes number and therefore 
drilling time and explosives loading time. As the 
mucking duration didn’t significantly changed 
with the increase of round length, the general   
productivity of all the operation was increased. 

7 CONCLUSION 

The interaction between explosives and rock mass 
must not be limited to the effect of detonation on 
rock. Rock mass fractures and even rock mass  
mechanical characteristics may affect explosive 
behaviour and therefore its effect on block size. 
The understanding of this interaction supposes a 
detailed survey. Some specific measurements, such 
as VOD measurements, could help but they are  
often hard to achieve for underground production 
holes. Therefore, direct visual observation is    

fundamental to an to understanding of what really 
occurs. 

The specific behaviour of bulk explosives may 
lead to the adoption of new principles in blast    
design. In particular, the conventional drill bit    
diameter may be increased in order to improve   
explosive efficiency and blast and benefit produc-
tivity of the entire mining operation. The under-
standing of this interaction supposes a detailed 
survey. Some specific measurements like VOD 
measurements could help but they are often hard 
to achieve for underground production hole. So   
direct visual observation is fundamental to be able 
to understand what really occurs. Specific behav-
ior of bulk explosives may conduct to adopt new 
principles in blast design. In particular, the      
conventional drill bit diameter might be increased 
to improve explosive efficiency and blast and the 
whole mining operation productivity. 
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1 INTRODUCTION 

In order to assess the possibility of using            
explosives to excavate a road tunnel crossing very 
heterogeneous granite formations in a critical area 
of the city of Porto, Portugal, a feasibility study 
was developed (Carvalho et. al., 2003). The tunnel 
total length is around 700m, the excavated under-
ground sector 400m and the maximum cover 21m. 

The urban area concerned is quite critical from 
a geological/geotechnical point of view – very  
heterogeneous Porto granite rock mass overlaid by 
saprolitic soil – as well as from a social / environ-
mental point of view: an area densely constructed 
and under renovation, with some problematic old 
buildings nearby. In addition there were studies 
and technical advices pointing to the inadequacy 
of using blasting techniques in such an environ-
ment. Doubts regarding whether or not explosives 
should be used caused a two year delay in the   
tunnel excavation.  

The feasibility study referred to followed a 
working plan in order to attain a set of objectives. 
Field data obtained from vibration tests carried out 
from nearby the tunnel alignment was used to     
establish an optimized model of the average 
ground response to vibration induced by blasting, 
interpreted in the context of the available local 
geological and geotechnical information. The  
consideration of the mentioned model, as well as 
the Portuguese standard NP-2074 “Evaluation of 
the influence in buildings of vibrations due to 
blasting or similar effects” constraints, allowed an 
interactive process, leading to a recommended 
drilling and blast design and implementation   
strategy as well as the mapping of the explosive 
use susceptibility along the tunnel alignment. 

The main conclusion of the study was the    
predicted adequacy of using explosives in a   
maximum of two thirds of the total length of the 
tunnel. Nevertheless, considering the critical urban 
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area involved, the study advised a cautious,      
continuous blast monitoring, beginning with a  
predicted initial advance of 1m per blast. It was 
also expected that the monitoring would indicate 
the subsequent possibility of further advances 
reaching a predicted maximum around 2m. 

The tunnel excavation works, using mainly   
explosives, restarted in January 2004 and finished 
in July 2004. 

Following a brief description of the key points 
of the feasibility study mentioned, will be a     
summary of the tunnel project, specifically includ-
ing excavation works, monitoring strategy, safety 
measures and also discussing the field adjustments 
to the proposed solutions in order, specifically, to 
improve the blasting diagram without reaching the 
allowed peak particle velocities (PPV) threshold, 
through the use of electronic blasting techniques. 

2 SUMMARY OF PREVIOUS FEASIBILITY 
STUDY  

Portuguese Standard NP-2047, following interna-
tional practice, indicates in item 4 – Characteriza-
tion of vibrations – that PPV in the building  
structure connected to the foundation, at less than 
half a meter high from ground level, and in a      
façade towards the blasting location, should be 
adopted as the characteristic vibration parameter. 
The same standard gives the following formula,  
allowing the establishment of a maximum          
admissible PPV threshold, vL, for a building   
foundation according to its structural characteris-
tics: 

 (1) 

where α = ground foundation type factor; β =
construction type factor and γ = daily blasting   
frequency factor. 

Having calculated PPV thresholds for specific 
assumed situations, it was then necessary to      
predict the expected ground vibration levels     
during excavation works, assuming specified  
drilling and blasting procedures. A generic rule 
thought to be due to Langefors & Khilstrom     
proposes the equation: 

 (2) 

The response to blasting of an actual rock mass 
can be then predicted based on fitting a theoretical 
particle velocity model to experimental values, 
through the minimization of an objective function, 
yielding optimized estimates of the characteristic 

parameters, K, α and β. Considering that the   
logarithm of the theoretical velocity law given by: 

 (3) 

corresponds to a straight line with negative slope 
in which the quantity DR, called scaled distance, 
has the following equation: 

 (4) 

 

a joint bi-dimensional distribution representation 
is then possible in a logarithm graph with quantity 
DR in xx axis and measured field velocity, v in yy 
axis. This kind of representation was used in the 
presentation of final results (Fig. 1). 

Vibration tests were carried out in two selected 
areas, so-called A and B, taking advantage of     
existing excavations. Several holes, drilled in the 
rock mass, were loaded with weighted ammonia 
gelatine 33% charges, and data acquisition took 
place at the surface in selected representative 
places, namely, close to foundations of nearby 
buildings.  

Treatment of referred data led to determining 
an average function for the rock mass response 
through the optimized estimation of parameters K, 
α and β.

Considering the results, pointing to the advan-
tageous possibility of using explosives, the         
referred parameters allowed the dimensioning of a 
drilling and blasting design adjusted to imposed 
legal constraints, namely, by the referred Portu-
guese NP-2074 Standard. 

Values for parameters K, α and β, were         
estimated, minimizing the deviation to measured 
particle velocities, using data from the referred 
distance - charge - velocity tables in optimization 
algorithms, specially implemented in MatLab   
language for this purpose. 

Extensive exploration of the optimization      
algorithms allowed the selection of three sets of 
values, for the referred parameters, considered  
representative of the rock mass, corresponding to 
the following three data sets: 

− Global data set from both areas, A+B; 

− Data set from area A; 

− Data set from area B. 
 
Table 1 has the optimized parameter values  

obtained for the three mentioned cases.  
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Table 1. Optimized parameters for the three data sets. 
Data Parameters 

K α β
Areas A+B 664 0.86 1.37 

Area A 649.79 1.07 1.38 

Area B 524.3 0.6 1.3 

Figure 1. shows the scatter plot in logarithmic 
scale of measured field velocities versus scaled 
distances DR, and fitted linear model, for the 
global data set (“Areas A+B” in Table 1). 

0,01

0,10

1,00

10,00

100,00

3,0 3,5 4,0 4,5 5,0 5,5 6,0

log(DR)

ve
lo

ci
da

de
s

m
m

/s

Figure 1. Measured particle velocities vs. scaled         
distances and fitted linear model for global data set     
(areas A+B). 

The three sets of optimized parameters       
mentioned were then used in the particle velocity 
formula in order to obtain tables of theoretical   
explosive charges for different distances from 
source, depending on the considered admissible 
PPV thresholds, according to Portuguese, Spanish 
and Swedish safety standards. 

The admissible thresholds calculated accord-
ingly to Spanish and Swedish standards are bigger 
than those resulting from the Portuguese one. 

Based in the obtained tables for particle        
velocity thresholds - distance - maximum admissi-
ble charge, simulations were performed for the 
three data sets considered, looking at different 
maximum admissible velocity scenarios. These 
simulations led to mapping of the susceptibility of 
the tunnel to being excavated by explosives,       
assuming a calculated drilling and blasting design. 

The mentioned proposed drilling and blasting 
design, has been built through an interactive   
process together with simulation results. 

The synthesis of many simulation results,     
obtained through an interactive process under   
different assumptions, namely for parameters K, α
and β, particle threshold velocities and drill-holes 
and blast designs, led to the conviction that using 
explosives in two thirds of the total tunnel length 
was an adequate solution. 

The vibration tests, resulting from blasting with 
ammonia gelatine 33%, allow a good picture of 
time window lengths having higher peaks, as well 
as determining relevant signal frequency band-
widths.  

This kind of analysis allowing specifically an 
estimation of the minimum advisable time-delays 
between consecutive detonations, is rather impor-
tant for the planning of micro-delaying in the blast 
global design, in order to minimize the total wave 
amplitudes resulting from the sum of effects due to 
sequential blasting. 

According to results of data analysis, 50 ms 
time windows are predicted, containing peaks of 
amplitude ranging from 50% to 100% of the  
maximum value observed. This means that micro-
delays t ≤ 50ms between sequential detonations 
are expected to lead possibly to PPV higher than 
those related to each individual detonation,         
although for very short periods. 

Besides the conclusions from time domain 
analysis, the frequency domain analysis showed, 
for instance, a 10 to 80 Hz dominant signal       
frequency bandwidth. This fact is relevant consid-
ering that the predicted natural resonance          
frequency of the buildings, along the tunnel align-
ment range from 1 to 25 Hz, is only partially out 
of the measured dominant signal bandwidths. This 
fact stresses the necessity of portioning each 
global blasting in more than one sequential round 
of individual micro-delayed detonations, in order 
to avoid an excess of continuous structural         
excitation leading to possible resonance phenom-
ena. 

The drilling and blasting design was calculated 
having in mind the necessity of minimizing        
instantaneous vibration peaks as well as avoiding 
long continuous periods of vibration. 

Rather than considering a previously planned 
type of blasting diagram implying burn-cuts with 
parallel drill-holes, inducing high instantaneous 
seismic energy levels, another type of solution was 
suggested, based on the heading and benching 
method, with fun cut central ring, comprising two 
main phases: “Fase 1” for the heading tunnel and 
“Fase 2” for the bench, the first phase having three 
distinct sequential sub-phases (Fig. 2). 

As already stated, the conservative predicted 
initial advance per global blasting was 1m. The 
monitoring of the excavation process should       
indicate the probable feasibility of posterior bigger 
advances. 

All the “Fase 1” drill-holes except for the     
perimeter ones would have a diameter Ø=38 mm 
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loaded with ammonia gelatine 33%. The estimated 
linear concentration load was L = 1.4 Kg/m with a 
correspondent load density ∆ = 1.25 Kg/dm3.

Figure 2. Generic excavation sequence, showing the   
different sequential phases. 

The sequence of detonation events was planned 
to start with the less critical lower holes, in order 
to creating initial sub-horizontal free faces aiming 
at maximum energy dissipation, continuing        
upwards with the relief holes. 

As already stated, the main conclusion of the 
study was the predicted adequacy of using         
explosives in two thirds of the total length of the 
tunnel. 

3 TUNNEL OPENING  

3.1 Some generic project data  

The two-way road tunnel (Fig. 3) is part of an E-
W traffic corridor of the town global traffic       
network. The tunnel has a total length of around 
700m, from which 400m were excavated in very 
heterogeneous granite formations, according to 
NATM principles. 

The average excavated section area is 100m3.
The cover varies from 2.7m to 21m and the      
volume of removed terrain was about 40,000m3.
The water load above the tunnel varies from 3m to 
12m. The total project budget was 13,700,000   
Euros. On the surface, along its alignment, are    
located several very sensitive old buildings.  

The following classical geotechnical classifica-
tion of the underground has been used: W1 – fresh 
rock, very few fractures; W2 – slightly weathered 
rock; W3 – moderately weathered and fractured 
rock; W4 – highly weathered and fractured rock; 
W5 – completely weathered and partially decom-
posed rock, highly fractured; W6 – residual soil. 

Figure 3. Tunnel alignment and cross section in top. 

In Table 2 are listed the values of some       
geotechnical parameters related to the referred 
types of underground, used in the structural     
analysis of the tunnel primary support. 
 
Table 2. Geotechnical/geological parameters for primary 
support structural analysis. 

Type 
of 

rock 

Unit 
weight 
ton/m3

Cohesion 
Mpa 

Friction 
angle 

degrees 

Young 
Modulus 

Mpa 
W1 2.6 1.35 64 21493 
W2 2.6 0.6 63 10414 
W3 2.55 0.2 58 4106 
W4 2.5 0.05 53 500 
W5 2.5 0.04 30 59 
W6 1.93 0.02 28 59 

The predicted geological/geotechnical condi-
tions (Fig. 4) along the tunnel alignment is based 
on a characterization survey comprising several  
in-situ and laboratory tests, showing a very       
heterogeneous underground formation changing 
from W1 massive granite to W6 residual saprolitic 
soil. This model was later up-dated, namely, by 
drilling in the less surveyed W6-W5-W4 zone. 

W6-W5-W4 W3
W2 - W1

 
Figure 4. Predicted tunnel geological/geotechnical     
section. 

3.2 Tunnel excavation  

Based on available geological and geotechnical  
information, and according to the previously   
mentioned geotechnical classification (Table 2), it 
was possible to consider tunnel segments having a 
similar geotechnical, G1 to G5, classification. In 
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this way the following six E-W geotechnical     
tunnel segments (Table 3) were defined. 

The characterization mentioned below was 
used, in a process called Active Structural Design 
(DEA), to define several types of sections, listed 
and briefly described next, where alternative     
mechanical or blasting excavation, advances and 
support methods were employed: 

− Ia; Ib: blasting—heading tunnel (“abóbada”) 
2m; upper-bench (“bancada”) 3m; lower-
bench (“soleira”) 4m. 

− IIa; IIb: blasting—“abóbada” 1.5m; “bancada” 
3m; “soleira” 4m. 

− IIIa: mechanical/partial blasting—“abóbada” 
0.8m; “bancada” 2m; “soleira” 2m. 

− IIIb: mechanical/partial blasting with buttress 
(in-situ ground-reenforcement, Fig.5)—
“abóbada” 0.8m; “bancada” 2m; “soleira” 2m. 

− IVa: mechanical with water level control and 
buttress—“abóbada” 0,8m; “bancada” 0,8m; 
“soleira” 1,6m. 

− IVb: mechanical with subdivision of front face 
in several central cells. 
 

Table 3. Calculated tunnel segments according to similar 
geotechnical classification.  

Distance (m) Geotechnical tunnel segments 
PK 0+087 to 
PK 0+141 

First 54 m across G4 e G5 forma-
tions—residual granite sandy, not 
plastic soil. No buildings along the 
vertical, but close by. 

PK 0+141 to 
PK 0+281 

140 m crossing solely G2 unit. 

PK 0+281 to 
PK 0+376 

95 m crossing solely G1 unit. 

PK 0+376 to 
PK 0+411 

35 m crossing solely G2 unit. 

PK 0+411 to 
PK 0+461 

50 m crossing more weathered G4 
and G5 units, under the water table. 

PK 0+461 to 
PK 0+486 

Last 25 m with cross-section on G1 
and G2 units. The transition        
between these two units and resid-
ual soil G5 unit, over them, is   
practically on top of tunnel. 

Table 4 shows the relation between type of  
section, terrain and Bieniawski’s Rock Mass    
Rating (RMR) and in Table 5 the predicted type of 

support according to expected characteristics of 
terrain. During excavation segment PK 0+461 to 
PK 0+486 was extended. 

 
Table 4. Types of section and terrain; Bieniawski’s Rock 
Mass Rating (RMR).  

Section Terrain RMR
I a W1 > 65
I b W2 55-65
II a W3 45-65
II b W3-W4 35-45
III a
III b

W3-W5 35-40 

IV a
IV b

W4-W5 < 35 

Basically DEA result from using a methodol-
ogy based on an elaborate stress-strain approach 
susceptible of sequential improvements and       
adjustments according to daily excavation field 
data and monitoring of surface settlement. DEA 
establish tunnel design taking into consideration 
the terrain/support interaction, using numerical 
methods in order to obtain the stress/strain      
equilibriums. That way the support is initially    
designed according to expected loads along tunnel 
alignment during the different excavation phases 
and up-dated, if necessary, based on the actual 
works and surface monitoring. In weak ground, 
steel rods were inserted in holes above the roof 
(heavy forepoling) and/or PVC front support 
structures; fractured or settling ground had lighter 
forepoling support. Table 5 summarizes the      
projected type of support. 

 
Table 5. Project type of support according to expected 
characteristics of terrain. 

Distance (m) Predicted type of support 

PK 0+087 to 
PK 0+141 

Support type IV-a. 

PK 0+141 to 
PK 0+411 

Support types I and II according to 
G1 and G2 good quality granite    
formations. 

PK 0+411 to 
PK 0+461 

Support type basically IV-a. When-
ever surface settlement overcomes 
monitoring reference values the zone 
is strengthened. In case monitoring 
strain alert level is reached, support 
type IV-b is used.  

PK 0+461 to 
PK 0+486 

Expected section type III-a. In case 
instabilities are expected due to 
presence of lithological type W5, 
support type III-b may be used. 
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The excavation was carried on using blasting 
techniques whenever possible. Whenever very 
poor ground was crossed mechanical means were 
used. The following mechanical equipment was 
used solely or combined: roller-head (Fig. 5),    
excavator bucket or hydraulic hammer. The       
excavation in poor ground was usually phased,  
accompanied by immediate shotcreting in order to 
minimize collapses of surrounding terrain and    
related surface settlements. 

Figure 5. Roller-head dismantling the buttress. 

Figure 6 depicts the excavation diagram of the 
three phases used, according to NATM principles. 
Excavation took place simultaneously from both 
sides, first for the total heading tunnel (“Abóbada” 
in Fig. 6) and next to the bench subdivided in two 
phases (“Bancada” and “Soleira” in Fig. 6). 

Abóbada

Bancada

Soleira

5,45m

2,45m

2,15m

Guarda-chuva

Abóbada

Bancada

Soleira

5,45m

2,45m

2,15m

Guarda-chuva

 
Figure 6. Diagram of tunnel excavation three phases 
(“Abóbada”, “Bancada” and “Soleira”) and forepoling 
support (“Guarda-chuva”). 

3.3 Blasting  

In order to optimize the blast design constrained 
by the Portuguese Standard NP-2074 PPV thresh-
old, additional in-situ essays were carried on. 

Those results, combined with previously obtained 
ones in the initial mentioned feasibility study, lead 
to the following values for Langefors & Kihlstrom 
equation parameters: K = 3380; α= 0.95; β=-1.9, 
different from those of Table 2. Nevertheless the 
main conclusions of the feasibility study remained 
valid, namely the adequacy of blasting techniques 
and the average advance per blasting event under 
the 20mm/s PPV threshold adopted value.  

Excavation with explosives took into consid-
eration the following steps: holes location in    
tunnel face and drilling (42 mm ø); explosive 
loading with timing set; wire connections; check-
ing detonators with blasting machine control unit; 
installation of seismographs; circuit testing;  
acoustic blasting warning (5min, 1min, before 
blast); vibration monitoring; aeration time;         
vibration analysis and adjustment of the firing   
design  if necessary. 

The most advanced blasting control at present 
is based on electronic detonators (Fig. 7), a recent 
significant improvement in blasting practice, since 
they have a high precision micro-delay program-
mable chip that switches the firing capacitor. Not 
mentioning the advantages in blasting itself, the 
previous phases of preparation, loading, verifica-
tion and optimization are extremely simplified 
causing an obvious increase in security and        
reduction of execution time. The optimal blast    
results from a combination of different production 
and safety factors related to the terrain heterogene-
ity and surrounding constructions. After each 
blast, the results were analyzed in order to identify 
possible improvements. 

In the present case the use of electronic detona-
tors allowed optimizing the heading tunnel        
excavation method, changing the initially         
suggested phased approach (Fig. 2) by a unique 
blasting event for the full front face (Fig. 6). The 
initially proposed phased approach was adopted 
when mechanical excavation was used in weak-
clay ground (Fig. 5). In addition and among other 
advantages, electronic detonators allowed a total 
excavation time reduction of one month. 
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Figure 7. Daveytronic  micro-delay programmable chip: 
1. Circuit board LED assembly; 2. Duplex detonator 
wire; 3. Crimped plug; 4. Logic capacitor; 5. ASIC  
processor; 6. Firing capacitor; 7. Fuse head; 8. Primary 
charge; 9. Base Charge. 

According to the three phase excavation 
scheme discussed, Figure 8 shows the heading 
tunnel blasting diagram and Figure 9 the timing 
scheme. 

Figure 8. Heading tunnel: drilling design with a 3 row V 
shaped central ring.  

Figure 9. Heading tunnel: timing scheme - 84 + 76 deto-
nators (in two combined lines). 

The 3 row V shaped central ring is depicted in 
Fig. 10. 

Figure 10. Detail of 3 row V shaped central ring. 

Figure 11 shows the blast diagram for the    
second excavation phase comprising the depicted 
sub-phases “Bancada” and “Soleira” of the bench-
ing phase. 

Soleira
16+32 holes

Bancada 
22+12 holes

Soleira
16+32 holes

Bancada 
22+12 holes

 
Figure 11. Two sub-phases, second excavation phase 
drilling design. 

“Bancada” drilling design: length from 1.0m to 
4.0m; 1.0m x 1.0m mesh; perimeter holes 0.40m 
spacing. “Soleira” drilling design: length from 
1.0m to 4.0m; 1.0m x (0.5 to 0.75)m mesh;        
perimeter holes 3.8m with one cartridge. Explo-
sive loads: 8 cartridges per 4m drill-holes and    
perimeter ones with one cartridge. 

The heading tunnel front face showing the 
drill-holes location is shown on Figure 12. The 
drilling was done using two hydraulic drilling 
hammers mounted in a two boomers jumbo as 
shown in Figure 13. 

Figure 12. Heading tunnel face showing the drilled holes 
location.  
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Figure 13. Heading tunnel face being drilled by a two 
boomers jumbo. 

Electronic detonators allowed the adoption of a 
blasting diagram in which the distributed explo-
sive charges in blast-holes explode in sequential 
delayed times. Figure 14 shows an explosive 
charge and a detonator and Figure 15 shows some 
charged blast-holes.  

Detonator

Explosive

Detonator

Explosive

 
Figure 14. Explosive charge and a detonator. 

Prior to loading, timing is programmed in each 
detonator according to the predefined blasting    
sequence. Afterwards the detonators fixed to the 
explosive charges are placed in the respective 
blast-holes.  

 
Figure 15. Some charged blast-holes. 

Final verification of all detonators connections 
is no longer done using an ohmmeter. With elec-
tronic detonators the blasting machine (Fig. 16) 
verifies all the detonators’ line, identifying and   
locating any occurring trouble, allowing a quick 
intervention.  

The signal sent to the detonators is provided by 
the same programming unit box. A last verification 
of the detonators line integrity is made before each 
blasting round. 

Figure 16. Blasting machine unit: detonators program-
ming and verification. 

The front face after a good blasting round must 
have a well-defined contour and, as much as    
possible, a vertical flat front surface. The resulting 
blocks should not be too big for a good removal. 
In Figure 17 can be seen the front face after a well 
executed blasting round. 
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Figure 17. Front face after a good blasting round. 

The worst disturbance and possible danger in 
using explosives in an urban environment is due to 
induced propagating seismic vibrations. In order 
to monitor the attained vibration level at surface, 
before each blasting round a network of seismo-
graphs is placed in the surrounding area to register 
the ground-induced vibrations. It is then possible 
to identify and locate in the blasting diagram the 
charge responsible for exceeding the adopted PPV 
threshold. In order to overcome such a problem 
the following measures may be considered: alter-
ing delay-time sequence; increasing/decreasing   
delay-times; decreasing explosive charges in the 
problematic blast-hole; and adjusting the blast-
holes location in order to optimize the free faces 
resulting from sequential blasting. 

Figure 18 shows a blast record sheet, including 
at the top an acoustic signal, the three seismic    
velocity seismograms corresponding to the         
tri-axial recording system, and below the ampli-
tude of their absolute values. In this particular case 
four velocity values were detected exceeding the 
allowed threshold.  

Figure 19 shows the location, in the blasting 
diagram, of the suspicious blast-holes responsible 
for such occurrence. 

During excavation the vibrations originated by 
blasting were registered at ground surface as close 
as possible to the vertical of the advancing front 
faces. The analyzed results were used to tune the 
charges of the next blasting sequences. From more 
than a thousand of events, their PPV and          
predominant frequency, were registered in daily 
reports. Figure 20 shows such results using a 
bivariate absolute histogram of frequency in Hz 
versus velocity in mm/s, being the histogram    
values the number of observations concerning 
each pair frequency-velocity.  

Figure 18. Blast record sheet, including an acoustic     
signal in top, the three seismic velocity seismograms 
corresponding to the tri-axial recording system and     
below the amplitude of their absolute values. 

 
Figure 19. Blasting diagram showing the location of the 
blast-holes responsible for exceeding PPV threshold. 

PPV exceeding threshold 
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Figure 20. Bivariate histogram of frequency in Hz vs. 
velocity in mm/s. 

Next figure shows the scatter-plot of PPV vs. 
frequency with the best fit straight line. The -0.112 
coefficient of correlation value is very low. 
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Figure 21. Scatter-plot of PPV vs. frequency with the 
best fit straight line, showing a very low correlation. 

The experimental distribution of PPV readings 
is very well fitted by a lognormal distribution as 
Figure 22 shows. 

3.4 Monitoring  

In consideration of the very sensitive urban zone 
involved, a careful monitoring network was        
installed at ground surface, on buildings and      
underground. It has been controlled the displace-
ments in buildings and terrain, the water level and 
the seismic and acoustic vibrations. 

In the buildings cracks, rotations and displace-
ments were monitored. Examined in the terrain 
were surface displacements, and vertical and   

horizontal displacements in depth and the water 
level. In the excavated tunnel, control convergence 
marks were used. All along the excavation       
geological/geotechnical characterization of crossed 
zones took place. 
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Figure 22. PPV histogram fitted by a lognormal          
distribution. 

The monitoring campaign used the following 
equipments and procedures: accurate topographic 
survey at selected surface and building locations; 
vertical extensometers at surface. inclinometers 
for measuring horizontal deformation in depth; 
piezometers for water level control; tiltmeters for 
measuring displacements in buildings, specifically 
rotational; an intensive survey of cracks was also 
made. 

The attention and alert levels for buildings and 
ground surface vertical displacements varied      
according to the type of crossed terrain and related 
type of previously defined section, going from 
7mm to 45mm.  

3.5 Safety measures 

Every building considered in risk of damage     
during excavation was previously verified in order 
to establish adapted safety measures. The follow-
ing methodology was adopted—A: definition of 
risky zones according to available information; B: 
technical inspection of all buildings located in 
risky zones; C: verification of the local geotechni-
cal conditions and project parameters, specifically 
for settlements; D: definition of monitoring plan 
and its implementation; E: based upon available 
data, definition of safety measures for every risky 
building concerned; F: during excavation works 
analysis of data from monitoring survey in order to 
decide whether or not further safety measures were 
necessary. 
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Figures 23 and 24 show two different safety 
measures concerning two critical buildings:        
respectively, tightening steel cables around the   
façade of Porto morgue, and façade reinforcement 
with iron structure. In the first case the tunnel top 
is around 2.7m below the building foundations. 

Figure 23. Safety measure in Porto morgue: tightening 
steel cables around façade. 

Figure 24. Safety measure in critical building: façade   
reinforcement with iron structure.  

4 CONCLUSIONS 

The assessment of the adequacy of using explo-
sives in the opening of a shallow road tunnel in a 
critical urban area of Porto has been the main    

objective of a previously described feasibility 
study (Carvalho et. al., 2003). The main conclu-
sion of the study was the predicted adequacy of 
using explosives in about two thirds of the total 
length of the tunnel. Considering the critical urban 
area involved, a continuous cautious monitoring 
and an initial advance of 1 m per blast was       
suggested. It was also expected that the monitoring 
would indicate the subsequent possibility of       
increased advances reaching a predicted maximum 
around 2m. 

In the meantime tunnel excavation took place 
and when this paper was being concluded the   
tunnel works were being finalized before being   
official opened to traffic. The main conclusions of 
the feasibility study referred to were confirmed in 
practice. The paper described some of the project 
key points, namely the electronic detonators      
option, which allowed significant improvements in 
terms of vibration levels reduction, time saving 
and drilling and blast design optimization. After 
all the initial controversy regarding the use of 
blasting techniques in this particular project, this 
may be considered a successful experience in     
using explosives, with a happy ending. 
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1 INTRODUCTION 

1.1 History 

Mo i Rana is a medium-size town situated at the 
head of the Rana fjord in northern Norway, some 
370 km north of Trondheim, just below the Arctic 
Circle. Mining activities in the Dunderland valley 
35 km north of Mo i Rana can be traced back to 
the beginning of 1800. Several entrepreneurs have 

been active in the area over the years, including 
the famous American inventor, Thomas Edison, 
whose company, the Edison Ore Milling Syndi-
cate, began operating there in 1901. The mining 
company, Rana Gruber AS, was first established in 
1937 by A/S Sydvaranger and the German       
concern, Vereinigte Stahlwerke. After the Second 
World War, the Norwegian government acquired 
the German company’s shares, and in 1951 Rana 
Gruber became wholly state-owned. Following the 

Up-hole loading of site sensitized emulsion in Mo i Rana    
underground iron-ore mine 

B. Petterson & J.Kristiansen 
Dyno Nobel ASA EMEA (Europe, Middle East & Africa), Oslo, Norway 

 

ABSTRACT: In the Ørtfjell and Dunderland valley district to the north and north-west of Mo i Rana, 
large deposits of haematite ore have been mined for nearly 200 years. In more recent times, until 1999, all 
the ore was mined in two adjacent open pit mines, Eriksbruddet and Vestbruddet, by Rana Gruber AS. At 
most, annual production was 4 Mt of ore, with 7–8 Mt of waste rock. Owing to the comparatively low 
iron content of the ore (35 % Fe), production eventually became uneconomical and, in the late 1990s, it 
was decided to close down the mine. However, the mine employees believed strongly that they could 
process the ore into products other than iron-concentrate, and began to research high-grade and supercon-
centrates, as well as pigments and ferrites. A subsequent feasibility study showed that it would be more 
economical to go underground in order to obtain the necessary tonnage for the new products. The 
underground mine, Kvannevann, opened in 1999, was planned as a low-cost operation. The use of ANFO 
was ruled out owing to the wet conditions in the mine. Packaged products were ruled out simply because 
of their cost. The one remaining alternative was bulk emulsion. Dyno Nobel had for 30 years supplied the 
mine with gas-sensitized water gels from a local slurry plant, and was now challenged by mine 
management to come up with a bulk gassed-emulsion alternative for the underground operation. The  
mining method was to be sublevel open-stoping, with both fan-drilling and 360o ring-drilling of Ø102 
mm (4") boreholes, changed later to Ø89 mm (3½") boreholes. The plan was to blast 2–4 fans or rings at 
a time. The longest holes were to be 40 m in length, up and down. Access tunnels were also an important 
part of the mining operation. For Dyno Nobel, this was a real challenge. Firstly, R&D had to develop an 
emulsion that would function in the up-holes. Secondly, a charging truck capable of loading both the fans 
and rings and the horizontal holes in the drifts would be needed. After considering several solutions for 
different carriers, hose feeders and so on, it was decided to reconstruct and rebuild an existing site-
sensitized emulsion (SSE) truck equipped with a boom and charging basket A new hose-feeding system 
for the up-holes was developed. The final result was a customized SSE truck equipped with two charging 
lines, one of them equipped with a 360° manipulator and hose pusher for the up- and down-holes in the 
fans and rings. The other charging line for the drifts was equipped with a standard hose retraction unit to 
facilitate string-loading. The truck was put into service in 2001. Since then, approximately 2000 t of 
explosive have been successfully loaded in Kvannevann mine. 
 

Brighton Conference Proceedings 2005, R. Holmberg et al
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construction of a pilot and then full-scale dressing 
plant, Rana Gruber was incorporated into the 
state-owned A/S Norsk Jernverk (Norwegian 
Ironworks Ltd) in 1961. By 1963, two modern 
open-pit mines were in operation, exploiting a 
large, low-grade iron-ore deposit (35 % Fe).     
Annual production inclusive of waste rock was 
about 11 Mt. As the mining operations became 
uneconomical and their future began to look bleak, 
the management started researching alternative 
mining methods and products. A feasibility study 
showed that it might be possible to extract magnet-
ite from the ore and refine it into high-grade       
superconcentrates, pigments and ferrites. Con-
vinced that this could secure the future of the 
doomed operations, the management and employ-
ees staged a buyout from the state in 1991, where-
upon Rana Gruber AS re-emerged as a private 
company. Eight years later, a new underground 
mine, Kvannevann, was opened. 

Today the Rana Gruber group consists of three 
separate companies: Rana Gruber AS, which does 
the mining and beneficiation, Rana Gruber Miner-
als AS, which does the speciality products and 
services, and Rana Gruber Service AS, which 
takes care of all maintenance activities. The Rana 
Gruber group has a total of 130 employees. 
 

Figure 1. Location of Rana Gruber. 

2 RANA GRUBER AS 

2.1 Kvannevann underground mine 

Kvannevann underground mine currently produces 
approximately 1.6 million tonnes of ore annually, 
with little or no waste. The entire operation is run 
by a mine manager, three subordinate managers, 
forty miners and six maintenance personnel. The 
mine operates on a three-shift basis. The economy 

of the mine is today based on both speciality prod-
ucts and the sale of bulk haematite concentrate to 
the steel industry. 

2.2 Geology 

 

Figure 2. Ore body showing stope, drilling drift, draw-
point and haulage drift. 

The ore body consists of comparatively low-
grade iron ore, averaging about 35 % Fe made up 
of 32 % haematite and 2.2 % magnetite. The    
density of the ore is 3.7 kg/dm3. The rock          
surrounding the ore body consists mainly of    
marble and mica-schists. The dip of the ore body 
is almost vertical and its width varies from 30 –  
80 m. 

2.3 The mining method 

The mining method is sub-level open-stoping. The 
stopes are 90 m high, 40 m wide and 30–80 m 
long, depending on the thickness of the ore body. 
The thickness of the pillars is 30 m. 

The mine is located under the old open pits, 
and running water can be a problem from time to 
time. The drilling and haulage drifts have sections 
of 28 m2. Approximately 900 m of drifts are       
developed each year. 

2.4 Mining machinery 

One Tamrock Solo 1020 and one Atlas Copco 
Simba M6 long-hole drill rig are used to drill the 



production holes. The Atlas Copco machine was 
commissioned recently and is expected to drill 
70,000 of the 130,000 drill metres needed for   
production each year. For mucking, two 17 t Toro 
0010 LHDs and one Toro 650 are used. They 

surface delay detonators. Up to five fans are shot 
in one blast. The delay time between each fan is 
109 ms, except for the last one, which is 218 ms in 
order to give more time for rock movement. 
 

serve two Toro 50 and two Volvo A-40D dump 
trucks. A Tamrock Mini 206 twin-boom jumbo is 
used for the drifting. A specially modified Dyno 
Nobel SSE charging truck is used to charge the 
holes in both the stopes and the drifts. 
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Figure 3. Block diagram showing stope, drilling drifts, 
and access drifts. 

2.5 Drilling and blasting 

The mine is currently using Dyno Nobel Titan 
7100, a pumpable, water-resistant, gassed emul-
sion explosive, for both production blasting and 
drifting. 

All the blastholes are charged with Titan 7100. 
To reduce scaling and the need for rock rein-
forcement, the perimeter holes in the drifts are 
string-loaded with 2.8 kg of explosive per drill 
meter. The emulsion is primed with Nobel Prime® 
(a special dynamite containing the high-explosive, 
pentyl) and initiated with Nonel® LP-series    
detonators. The specific consumption of explosive 
in the drifting operations in Kvannevann mine is 
0.95 kg/t. 

The production holes are drilled in fans and 
rings using Ø89 mm drill bits. A typical fan has 
approximately 20 up-holes, up to 30 m in length. 
The holes are charged with varying amounts of  
Titan 7100 and primed with Kimit SLP50/KP 
booster (a pipe charge filled with Kimulux 42 
emulsion and a KP primer) and Nonel® LP-series 
detonators at the toe of the hole. Two detonators 
are used in each hole to reduce the risk of cut offs. 
The holes are delayed laterally on the surface     
using Nonel Snapline® 42 ms low-strength       

Figure 4. A typical drill pattern for the drifts. 

A 360o ring consists of some 60 boreholes. The 
longest up-holes are 30 metres long and the deep-
est vertical-down holes also 30 m. The holes are 
primed as described for the fans, except that the 
Nonel® MS-series detonators are used, starting 
with No. 12 (300 ms). A maximum of three rings 
are shot in one blast and the delay time between 
rings is 109 ms. The specific consumption of     
explosive in the fans and rings in Kvannevann 
mine is 0.35 kg/t. Occasionally, some of the blast-
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holes are very wet. Leaving some of the holes as 
drainage holes usually solves the problem. As the 
mine has expanded, there have been fewer prob-
lems with wet holes. 
 

Figure 5. A typical fan with nominal delay times. 

 
Figure 5. A typical fan with nominal delay times. 

 

Figure 6. A typical ring in Kvannevann mine. 

3 DEVELOPMENT OF EXPLOSIVES AND 
LOADING TRUCK 

3.1 The challenge 

Dyno Nobel had supplied the open-pit mines with 
gassed bulk water gel since 1968. When the mine 
decided to go underground, the explosives system 

was no longer applicable, and a proposal for a 
cost-efficient underground explosives system was 
requested. At the time, the authors had no experi-
ence charging long up-holes with gassed emulsion, 
but did have experience with microsphere-
sensitized products from operations at Inco in 
Canada, although very little in Scandinavia.      
According to the plan, the mine would need a   
water-resistant explosive that could be charged 
into 40 m up-holes and 50 m vertical down-holes, 
initially 104 mm in diameter. The annual explo-
sives consumption, inclusive of drifting, was      
estimated to be 350 t. 

Based on experience from the open-pit opera-
tions, severe water problems were expected, which 
ruled out the use of ANFO. Packaged products 
were also dismissed because of their high cost and 
labour-intensive demands. Even though the feasi-
bility study had shown that the mine could be run 
at a profit, it was unquestionably a high-risk     
project. Consequently, the management was very 
cost-conscious and, when Dyno Nobel proposed 
starting with microsphere-sensitized products, said 
it could not afford the increased cost of solid    
sensitizers. This option, too, was therefore ruled 
out. 

Finding a suitable explosive system for the 
drifting was a much simpler task. Dyno Nobel had 
for many years supplied contractors with gassed 
emulsion for use in tunnelling projects. This       
included string-loading technology, which, by 
means of a controlled rate of retraction of the 
charging hose, fills the blast-hole only partially 
with explosive. In this way, the bulk energy in the 
blasthole can be reduced by 75 % compared with a 
fully charged hole. For the customer, this is a 
cheap and effective way to reduce overbreak,   
scaling and the need for rock reinforcement. 

To summarize, Kvannevann underground mine 
needed a standard SSE charging truck for the drift-
ing operations. For the fans and rings, they needed 
both a gassed emulsion that would stick in Ø89-
mm_40 m up-holes, yet avoid dead-pressing in 50 
m down–holes, and a truck capable of performing 
the long-hole charging operation. 

Two main problems remained: 

− The cost of operating two charging trucks for 
only 350 tonnes of product per year. 

− A shortage of time to develop a suitable emul-
sion explosive and up-hole charging truck. 

Since Rana Gruber had been a loyal customer 
for decades, Dyno Nobel resolved to deliver       
solutions to both problems within 12 months. 
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3.2 Development of Titan 7100 

For tunnelling applications, the authors were at 
that time supplying Titan 7000, an all-gassed 
emulsion. The first approach was to use this      
formulation for the up-holes. However, the big 
question was whether it would be adhesive enough 
to stick in the up-holes. A second problem was the 
gassing technology. On our regular SSE trucks, 
the gassing chemicals are mixed on the pressure 
side of the delivery pump. In Kvannevann mine, 
however, this could have caused a problem with 
density control. Since the length of the charging 
hose is 60 m, mixing in the gassing agent before 
the inlet to the charging hose risks a gassing       
reaction in the charging hose. Depending on the 
‘sleep’ time in the hose during the charging       
operation, the gas formed could escape when   
passing through the spray nozzle at the end of the 
hose, thus leading to an unwanted increase in 
product density. Especially in the 50 m down-
holes, density control is critical. To avoid dead-
pressing of the emulsion, a fast gassing rate is     
required. Fortunately, this could be achieved using 
the F5 gassing method developed and patented by 
Dyno Nobel for opencast operations. With the F5 
method, moreover, we were sure that the gassing 
reaction would occur at the end of the charging 
hose. 

Having decided on the gassing method, the 
next step was to test the adhesive properties of the 
existing Titan 7000 emulsion. This was done by 
constructing a test facility in a pilot plant in     
Gyttorp, Sweden. A 4 m length of Plexiglas tube 
with an inside diameter of 100 mm was mounted 
to a tower, which could be raised and lowered. 

The first tests were not encouraging. The   
regular Titan 7000 did not stick in the tube when 
gassed. Based on experience from operations in 
Canada, it was then decided to try an emulsifier 
developed by our American colleagues. This made 
a difference. From the pilot-plant trials, there were 
very promising results thereafter for both the    
gassing rate and the retention characteristics, and 
it was concluded that there was now a formulation 
that would work. 

3.3 The charging truck 

Parallel to the development of the explosive      
formulation, our engineering and marketing      
personnel met the customer to discuss the layout 
of the charging truck. After looking at several     
alternatives, it was decided to go for a modified 
SSE loading truck with a boom and charging    

basket mounted behind the cab. Additionally, the 
truck is equipped with a hydraulic power-pack, 
which can be run by either an external 1000 V 
electrical supply or off the truck’s engine. The 
processing equipment includes a 2.4 t emulsion 
tank and tanks for the water injection and gassing 
agents. The truck has two separate charging lines, 
each equipped with a separate delivery pump, PLC 
unit and remote control unit. One hose retraction 
unit is mounted in the charging basket. 
 

Figure 7. The principles of an SSE truck. 

Following technical discussions, it was agreed 
that the truck would have to be equipped with two 
new hose pushers, which had to be synchronized. 
A new hose reel for storage of the hose would also 
be required. To position the charging hose, a    
manipulator mounted in the basket was required. 
The manipulator should be able to rotate 360o to 
serve both the up-holes and the vertical down-
holes. 
 

Figure 8. Showing the finished truck with some key 
functions. 

The charging capacity would have to be      
doubled in order to give a sufficiently high     
product delivery rate. This was achieved by     
connecting the two charging lines into one. To 
meet the requirement for string-loading of the    

Hose reel

Meter 
counter

Hose pushers
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perimeter holes in drifting, it was decided to keep 
the existing hose retraction unit. Finally, a remote-
control unit was needed for the start and stop  
functions, adjustment of the hose retraction speed, 
water ring and cleaning of the system. The remote-
control unit should also control the charging    
basket and the manipulator. 

 

F

F
Figure 9. Left side truck showing part of the processing 
equipment. 

 

Figure 10. Remote control unit. 

3.4 Development of the loading technique 

Tests done at the pilot plant had given some    
valuable information about the parameters for 
charging 104 mm up-holes successfully.  Doing it 
on a full scale was quite another matter. One     
important issue was how to prime the boreholes. 
LKAB in Sweden had been charging up-holes for 
many years, using a special booster developed by 
their own explosives company, Kimit. The Kimit 
booster is a pipe charge consisting of a micro-
sphere-sensitized emulsion with a 30 g plasticized 
PETN primer. The pipe charge is equipped with a 
plastic feather to keep it in place. 

In some mines, it is common practice to initiate 
the booster at the toe of the borehole and ensure 
detonation throughout the hole by lining it with 
detonating cord. This method was decided upon. 
However, first the influence of the cord on the 

emulsion explosive had to be checked. Would it 
initiate the gassed emulsion, or would it cause 
dead-pressing problems and have a negative      
impact on explosive energy? It was decided to put 
it to the test. The tests were simple. Steel tubes, 4 
m in length with an inside diameter of 115 mm 
were loaded with gassed emulsion and lined with 
10 g/m and 3.2 g/m detonating cord. The cords 
were initiated outside the tubes. The results 
showed that the 10 g/m cord had partly initiated 
and destroyed the emulsion. However, the tubes 
with the 3.2 g/m cord were intact. They were then 
initiated with a booster, and complete detonation 
took place. The conclusion was that 3.2 g/m deto-
nating cord could be used together with gassed 
emulsion without any noticeable negative effect. 
 

Figure 11. Kimit emulsion booster. 

 

Figure 12. Test loading with the reconstructed SSE 
truck. Note the wet conditions. 

As the truck was being rebuilt in accordance 
with the specified modifications, various items of 
the equipment were tested separately to minimize 
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the possibility of problems in the final design.   
After seven months, it was time for the first trials. 
It was not an easy time. In spite of all the prelimi-
nary tests, all kinds of new problems, from the 
product’s failure to stick in the hole, to mechanical 
problems, arose. 
 

Figure 13. Test loading. 

Over the next few months, many efforts were 
made to refine both the truck and the loading 
technique. Gradually, efforts began to pay off.    
Finally, less than a year the start of discussions 
with mine management, the modified SSE truck 
became fully and effectively operational. 

3.5  Safety issues 

In Dyno Nobel there is a very strong focus on 
safety. All products and equipment must comply 
with local, national and international regulations. 
Additionally, Dyno Nobel has an internal standard 
that must be met unconditionally. This standard is 
often more stringent than the other regulations. 
During the development process, each major step 
is subject to a risk assessment analysis. It is natural 
to think of the explosives and charging as the most 
dangerous part of such a project, but actually they 
are not. Everyone knows that a mistake in the use 
of explosives can be fatal, and therefore acts      
accordingly. However, there are other hazards. 
Some of them are difficult to foresee, in spite of 
intense focus on quality and safety. One incident 
occurred, which should not have happened. The 
manipulator in the charging basket was designed 
to rotate 360o. The mechanical strength of the    
rotating shaft was designed according to the 
weight of the manipulator and the forces to which 
it would be exposed during charging. However, 
the dynamic forces it would encounter during 
transportation (i.e. driving the truck from place to 

place in the mine) had somehow slipped through 
the risk assessment. A couple of months after start 
up, the shaft broke and the manipulator fell off 
during transportation. Fortunately, no one was 
hurt and there was little damage to the manipula-
tor. The shaft was subsequently redesigned and 
has performed well, ever since. 

In mining, falling rock is a preventable occupa-
tional hazard. In Kvannevann mine, it became a 
serious problem. Bear in mind that the mine was 
newly established and that the mineworkers had 
limited experience in underground mining. Some 
of the Dyno Nobel engineers and research people, 
too, had very little underground experience. In   
addition to that, the stability of the ore was quite 
poor in places. As the project progressed, several 
near misses related to falling rock were reported. 
At one time, the situation became so tense that 
some Dyno Nobel personnel refused to go under-
ground. The situation was resolved after discus-
sions with mine management, who implemented 
improvements in scaling and rock reinforcement. 
Safety soon improved considerably, and no more 
serious incidents were reported. 

4 SUMMARY 

Since becoming fully operational in the beginning 
of 2001, the modified SSE truck has successfully 
charged the holes for both drifting and production 
blasting with more than 2000 t of product. 

It is interesting to observe that Kvannevann 
mine today is in an increasingly healthy situation. 
Not only has it increased production from          
approximately 1–1.6 Mt per year, but it is making 
money. The main reason for this success was the 
mine managers’ and workers’ conviction that they 
should continue their mining business in spite of it 
being a high-risk project. The success at Kvan-
nevann also shows that a mutual commitment    
between customer and supplier definitely can be 
beneficial to both parties: the mine had its cost-
effective explosives system; Dyno Nobel had the 
opportunity to develop its up-hole charging system 
and Titan 7100 emulsion explosive. Based on the 
experience in Kvannevann mine, the company has 
continued its development work in Australia and is 
now taking the technology into brand new       
markets. 

What the experience at Kvannevann also       
reminds us is that, when doing development work 
jointly with the customer, both the supplier and 
the customer have safety responsibilities. 
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