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SAMMANFATTNING 
 
I en svensk studie av Nord, G. och Stille, 1988. försökte författarna 
jämföra drivningsmetoderna: fullortsborrning, och borrning och 
sprängning. 
 
I det här examensarbetet ska jag försöka jämföra drivningsmetoderna 
igen och se om sexton års utveckling gjort Nords och Stilles slutsatser 
inaktuella. 
 
Två moderna byggprojekt studeras för att se var fokus ligger idag vid 
val av drivningsmetod. I de två schweiziska tunnlarna 
Lötschbergtunneln och Gotthardtunneln är kravet på effektiva 
drivningsmetoder mycket högt. Effektiva drivningsmetoder är ett 
måste för att säkerställa en god projektekonomi. 
 
Målet med det här examensarbetet var att undersöka om det finns ett 
definitivt svar på frågan: Vilka faktorer påverkar valet av drivningsmetod i 
Lötschberg bas tunneln? 
 
Lötschbergtunneln används här som en fallstudie och är sen jämförd 
med resultatet från Nords och Stilles studie från 1988. 
 
Resultatet av fallstudien visar att strävan efter en hög 
drivningshastighet är huvudsyftet vid val av metod.  
Detta för att säkerställa en förutsägbar och tidigt färdigställande av 
konstruktionen. 
Fem huvudområden var identifierade som påverkar valet av metod. 
 
Nords and Stilles slutsats gäller fortfarande, det är fortfarande svårt 
att ge ett definitivt svar på frågan vilken drivningsmetod som är 
överlägsen den andra. 
 
Den ständiga utvecklingen stimuleras av konkurrens. 
Tunnelborrningsmaskinerna är konkurrenter till borrning och 
sprängning där de används och väldigt höga drivningshastigheter har 
noterats för den konventionella metoden i geologiska förhållanden 
som egentligen inte anses vara optimala för borrning och sprängning. 
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SUMMARY 

In a Swedish study by Nord, G. and Stille, H. 1988 the authors tried 
to compare the methods: boring and drilling and blasting. 
 
In this thesis, an evaluation of sixteen years of development will try to 
compare the methods again to see if Nord and Stille’s conclusion 
remains reliable. 
 
Two modern tunnelling projects were studied to see where focus lay 
when choosing the driving method. In the two Swiss transalpine 
tunnels The Lötschberg- and the Gotthard base tunnels the demand on 
effective driving is significant. Effective driving methods are a must to 
ensure a good all-over project economy.  
 
The goal of this thesis was to investigate if there is a definitive answer 
to the question: Which factors influence the choice of tunnelling method in 
the Lötschberg Base Tunnel?  
 
The Lötschberg tunnel is used as a case study in this thesis and from 
that, the result is then compared to Nord and Stille’s study made 
1988. 
 
The result of this study shows that striving for high advance rates is 
the main purpose to ensure predicted and an early completion of the 
construction. 
Five key areas were identified as influent on the choice of tunnelling 
method. 
Nord and Stille’s conclusion remain, it is still hard to give a definitive 
answer to the question of superior tunnelling method. 
 
The constant development is stimulated by competition. The TBM 
serve as a competitor to the drilling and blasting operation where it is 
applied. Very high advance rates have been recorded with the 
conventional method in geologies that are not considered optimal 
from a drilling and blasting point of view. 
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1 Introduction 
In the introduction chapter the background to the problem, the purpose, the method and the 

limitations are presented 

1.1 Background 

 
Like no other branch in civil engineering, tunnelling is dependent 
on the geological conditions. The geology is predestined. Only 
during the planning- and investigation phase can the choices of 
the extension be adjusted.1 
 
“New tunnel projects will be increasingly carried out in urban 
areas and nowadays you draw a line on the plan, where the 
planner or traffic expert needs it, and not where the geology is 
most favourable“. This statement by Martin Bosshard2 (Basler & 
Hofmann) points towards the development that will take place in 
the next coming years. This calls for improved tunnelling 
methods. 
 
The technology of today makes it possible to drive a tunnel 
through many different kinds of ground conditions. Geologies 
where it used to be impossible to drive tunnels are now open for 
exploitation. When the geology no longer is the primary obstacle, 
the economy will decide whether an infrastructure construction 
should be undertaken or not. 
 
When it comes to tunnelling in stable solid rock are there mainly 
two competing methods of driving tunnels today. Either by means 
of drilling and blasting or mechanical excavation with a tunnel 
boring machine, the so-called TBM. 
 
In Sweden, a TBM was launched in the 1990’s in the Hallandsås 
project. The model, a hard rock gripper-TBM failed in the project 
and the trend after that in Scandinavian tunnelling has been to 
step back and use the conventional mining method with drilling 
and blasting. This, in the eyes of the author has lead to a state 
where the Scandinavians have been outdistanced by the European 
countries in tunnel driving, supported by the facts that 
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international joint ventures newly brought home two large 
infrastructure contracts in the south of Sweden. This might be 
wrong, but still worth investigating. 
 
A Swedish study by Nord, G. and Stille, H. (1988)3 the authors 
tried to compare the two methods: boring (mechanical excavation 
with TBM), and drilling and blasting. Their conclusion was that 
the choice of method is often not obvious and that several factors 
have a decisive influence on the choice. 
 
In this thesis, an evaluation of sixteen years of development will 
try to compare the methods again to see if Nord and Stille’s 
conclusion remains reliable. 
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The Swiss exper ence 

Switzerland has a long tradition of tunnelling. That is not 
surprising when observing the country’s topography. Blindheim 
(2001)4 describes the Swiss selection of tunnelling method as “very 
serious and approached in a systematic manner” 
Because of the large number of railway and road tunnels driven by 
TBMs, Switzerland has gained extensive experience in mechanical 
excavation along with conventional driving. This makes the Swiss 
attitude towards the choice of method interesting to investigate. 

1.2 Purpose and research question 

The purpose of this study is to evaluate the two driving methods: 
drilling and blasting and TBM both used in the Swiss tunnelling 
project, the Lötschberg Base Tunnel. The result will then be 
compared to Nord and Stille’s study made 1988. To see if there is 
a definitive answer to the research question: Which factors 
influence the choice of tunnelling method in the Lötschberg Base 
Tunnel? Could the conclusions apply in other projects with 
similar conditions? 
 
The result of this report should be able to give some assistance 
when planning long tunnels. It should also be a simple 
introduction and a overarching knowledge summary for people 
who work with planning and driving of long tunnels. It should 

 
3 Nord, G. and Stille, H. (1988) 
4 Blindheim, O. T. (2001) 



also invite to reflections about tunnelling since many of the ideas 
and inventions are applicable in tunnelling in general.  
 

1.3 Method 

There are mainly two kinds of research approaches namely, the 
quantitative or qualitative approach. The quantitative deals with 
questions of numerical nature, while qualitative methods are used 
when deeper understanding is of a greater importance. 
Thereafter a research method has to be chosen, the reason is to 
determine how the theory will be involved in the research. The 
two main options are induction and deduction, where induction 
assumes observations and collecting of data in reality followed by 
generalization and forming of a theory. Deduction means that a 
hypothesis is developed from a theory and then tested on 
empirical material to be shown right or wrong. If a theory is tested 
in reality, it is called verification.5 Next thing to consider is the 
research strategy. The four alternatives are experiment, survey, action 
research and case study. 
 

1.3.1 Choice of method for this thesis 

To answer the research question: “Which factors influence the choice 
of tunnelling method in the Lötschberg base tunnel?” a qualitative study 
appears to be the best alternative. 
A literature review will first clarify and better define the two 
driving methods and then compare them to each other. 
Thereafter, more accurate literature studies in the fields identified 
as “key areas” will deeper the understanding of the actual 
differences and possibilities that the methods offer. This will lead 
to a hypothesis about how the choice is made. Finally, the theory 
is applied at the empirics to see how it is put into practice followed 
by analysis and conclusions. 
This master thesis could be described as a qualitative, deductive 
study applied on a case study. The case study serves its purpose as 
research method due to the penetrating research to determine the 
factors influencing the choice of tunnelling method. The 
Lötschberg base tunnel is justified as the case study due to the fact 
that both competing methods are employed on the same project 
but different subcontracts. All of the factors that affect the choice 
of method is probably considered by the owner and his experts. 
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The data collection consists of extensive literature studies, 
observation and non-documented interviews. 
 
Validity and Reliability 

The last thing to consider in scientific research is validity and 
reliability. When a study shows the same result time after time, the 
reliability is high. The validity shows whether the “right” thing is 
measured or not. To obtain high reliability, different and 
recognized sources should be used. 
 
The flexibility of the qualitative approach gives benefits, it does 
not demand that the two objects compared are identical. The 
problem with this however is that the validity of the result could 
be poor. 

1.3.2 Sources of information 

The literature about theories in basic tunnelling technology was 
obtained at the technical library at The Zurich University of Applied 
Sciences Winterthur (ZHW) and Die Stadtbibliothek Winterthur. 
 
The development of TBMs for both hard- and soft conditions is 
very fast, leading to that most of the new knowledge is to be found 
in journals and magazines. The journals present topical 
information from tunnel congresses all over the world. Many 
papers are accessible online through the World Wide Web. The 
magazine Tunnels & Tunnelling International, World Tunnelling (now 
known as Tunnelling and Trenchless Construction) and of course 
Tunnelling and Underground Space Technology has been the main 
source of papers. Other journals considered were International 
Journal of Rock Mechanics and Mining Sciences and Rock Mechanics 
and Rock Engineering. 
 
The interviews made with Skanska’s personnel have been very 
informative. The visits at Mitholz aimed to observe the special 
features in the project. The interviews, or more precise 
conversations, mostly deal with practical questions about the 
improved drilling and blasting method. 
 
Some reports read were Swiss. This proved to be important since 
the traditional influence on tunnelling is of considerable 
proportions. The reader is reminded to keep this in mind. It 
would have been possible to choose literature mainly from for 
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example Norway instead, but the outlooks on driving methods are 
slightly different, verified by Borg6 as he states, “The equipment 
should be as strong and reliable as possible and not too sophisticated”. 
 
The keywords in the literature review were both “long tunnels”, 
“tunnels with high overburden”, TBM, TBM versus drill and blast 
and the reference project’s name “Lötschberg Base Tunnel” 
When collecting information about the methods, the keywords 
“Tunnelbau” and “Felsbau” have been used. 
 

1.4 Focus and limitations 

The focus will lie in methods of driving long tunnels in stable 
solid rock. The title of the thesis; tunnelling options in long drives is 
chosen to fix the obvious variable of tunnel length. Various facts 
investigated in this thesis show that it is not meaningful to apply a 
TBM in tunnel shorter than 5 km. A tunnel with a length larger 
than 5 km is defined as a long tunnel by ITA Workgroup no 17 
(2003).7 
 
When the drives span over considerable length, substantial efforts 
are put into the design phase to ensure optimum performance. 
Long drifts are a result of not just only the size of the physical 
obstacle but also of the feasibility regarding work environment and 
the project economy. 
 
For tunnelling through sedimentary soil, machines with the ability 
of breasting are used with mechanical, pneumatic pressure or 
other support means. This kind of machines will however not be 
studied closer. Moreover, the driving methods studied will be by 
the means of TBMs and drilling and blasting. The part-face- and 
the abundance of shield machines will not be studied, while shield 
machines and roadheaders most often are adopted in medium to 
soft rock conditions. 
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2 Obtained knowledge in long drives 
In this chapter, a summary of today’s research will be made and what sources have been used 

for the theoretical part of the report will be declared. 

 
“There was no question that a tunnel through the Simplon would be a 
great advantage; but could it be made? It would have to go through the 
heart of a mountain from five to seven thousand feet in height; and this 
would involve difficult questions of ventilation, to say nothing of the heat 
in which the men would have to work. Some of the rocks were hard, and 
some were soft. And this tunnel must be twelve and one half miles in 
length. The Swiss are a careful people. They wanted the tunnel, but they 
did not want to undertake a plan that could not be carried out. Therefore 
they consulted three tunnel experts, from Italy, Austria, and England 
respectively”.8 
 
In 1898 the 19 803 meters long Simplon railroad tunnel 
connecting Brig in Switzerland with Iselle in Italy was started. The 
tunnel represents a long tunnel with high overburden some 
hundred years ago. The historical text above generally explains the 
exact problems that the engineers face today. The greatest 
difference is probably the meeting of environmental- and work 
environmental restrictions. 
 

2.1 Driving methods 

In solid, stable rock are there mainly two kinds of excavation 
methods used, namely mechanized and conventional.  
 
In Table 1 the most used methods in solid rock are presented. 

Table 1 Examples of various tunneling methods, after Dietz et al. (1995) (see 
Appendix IV.) 

DRIVING METHODS IN SOLID, STABLE ROCK 

Mechanised tunnelling methods “Conventional” 
method 

Tunnel Boring Machines 
TBM-S (with shield) TBM (without shield) 

Drilling and blasting 
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In literature, the word conventional method occurs frequently. The 
word conventional means established, time-honoured, and 
traditional. That means – a method of driving in which plenty of 
experience is achieved. In tunnelling, conventional method 
means, a tunnel driven by the means of drilling and blasting. The 
method has been used and developed for more than 350 years. 
The opposite is the mechanized method. 
 
Comparing the methods 

To get a key ratio to compare the performance of the driving 
methods the advance rate is commonly used. The advance rate is 
measured my the means of progress/time unit shown in Equation 
1. 

AR = PR x U 

Equation 1 - The formula for advance rate 

Where  
AR = advance rate  
PR = penetration rate  
U = utilisation [%] 
 
The advance rate measures the time as a function of progress in 
meters. 
To realize a high advance rate one should maximise the 
penetration rate and the utilisation. An interesting fact however is 
that in driving with TBMs the actual penetration time is about 50 
percent, the rest of the time is devoted to maintenance, 
regripping, reinforcement operations and standstills. 
 
The advance per round times the amount of rounds successfully 
carried out can measure the advance rate for drill and blast 
operations. The progress does not normally have the same 
continuity as the boring operation.  
 
The advance rate could be used to determine the construction 
time for the tunnel. The time factor plays maybe the largest role in 
the choice of tunnelling method.  
 
In S. Okubo, K. Fukui and W. Chen, (2003) 9 study, the authors 
tried to summarize the factors influencing the penetration rate. 
Their conclusion however is that it is very difficult to unify 
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knowledge in this field because of the wide range of opinions and 
models and the continuous development of TBM technology. 
 
According to Tarkoy’s10 studies, the labour cost outweighs the cost 
due to high wear when running the equipments at its top speed. 
He also found a relationship between the utilisation and 
penetration rate. “as penetration rate increases, utilisation tends to 
decrease.” He then concludes that decreasing downtime is the only 
effective means of increasing the TBM all over performance. 
 
In Figure 1, the tunnel face in each operation is shown. In the 
TBM drive, the cutterhead is always in the very front and in the 
drill and blast drive, the activities and the machines at the face are 
altered. 
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igure 1 - A TBM drive and a drill and blast drive (picture from Gotthard Das 

2.1.1 TBM - Tunnel Boring Machines  

the 

comparing 

                                          

F
Projekt, Alptransit folder) 

Different countries have different classification schemes for tunnel 
excavation machines, based on different classification purposes for 
instance driving, excavation support and fields of application.  
This fact makes the terminology a bit confusing. To make 
disorder even greater, hybrids of the two concepts: Shield-
machines and Tunnel Boring Machines are developed. 
The German, Swiss and Austrian classification for 
different tunnelling methods is made by Dietz et al 1995. (see 
Appendix IV). 

 
10 Tarkoy, P. (1995) 



The TBMs can mainly be divided into two groups explained in 
chapter 2.1.1.1 and 2.1.1.2, namely:  
TBM with a shielded body, and TBMs without a shield body. 
 
The TBMs with and without shields can be open respectively closed. 
To reduce the confusion in terms used, the conception of open or 
closed TBM will be cleared out in the next chapter. 
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lOpen or c osed TBM 

The description open or closed always refers to the cutterhead’s 
ability to support the face. In Figure 2 an “open” shielded TBM is 
sketched. This solution cannot stand up against water pressure in 
the face, but manage to conquer the inflow peripheral. 

 
 

Figure 2 - The inability of a shielded, open face TBM to resist hydrostatic 
water pressure in the tunnel face 

 
However, the closed shields object is to support both the tunnel 
walls and the tunnel face during excavation. There are several ways 
to support the tunnel face with shielded machines, for example 
compressed air, mechanic support, earth pulp, or hydraulic 
measures. 
 

2.1.1.1 TBM without a shield – The Gripper TBM 

TBM without the cylindrical shield is another name for the 
Gripper TBM. Mainly the Gripper TBMs can be divided into two 
different kinds depending on the type of stationary element: Main 
beam type or Kelly type as shown in Appendix II. Appendix I shows 
a picture of a gripper TBM. 
 



Field of application 

The gripper TBM works very well when the face is self-supporting. 
That is, when no reinforcement measures have to be carried out in 
the vicinity of the cutterhead. The fissure water ingress must be 
mastered before successful execution.11 
 

Function 

The cutterhead is pressed against the face of the tunnel and the 
cutters overcome the strength of the rock and it brakes. The 
working cycle is discontinuous and includes: 
1) excavation for a length equivalent to the effective stroke; 
2) regripping;  
3) new excavation. 
Extraction is gentle on the adjacent rock and results in an accurate 
profile. The machine occupies a large part of the cross section. 
During excavation at the face, small pieces of rock, accompanied 
by greater amount of dust is produced. 
As a consequence, devices for restricting the dust development 
and de-dusting such as: 
 watering at the cutter head 
 dust shield behind the cutter head 
 dust removal with de-dusting on the back-up 

are necessary for these machines. The water also serves as cooling 
agent for the disc cutters. 
 
Support 

Because of the gentle excavation procedure and the advantageous 
circular shape, the extent of the necessary supporting measures is 
usually less than for example drill and blast. In less stable rock, the 
exposed areas have to be supported quickly in order to restrict any 
fragmentation of the rock and retain the rock quality as far as 
possible. The support has to be adjusted depending on the rock 
conditions. If the rock admits some amount of deformation it is 
very important that the support also has got that ability. 
 
The deformation affecting an excavation made by a TBM is shown 
in Figure 3. (The L1* and L2* are areas defined by SIA 
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deformation can be stopped by the means of blocking. 

Figure 3 – Principle for the support applied when the virgin stresses are high 

Steel sets, y auxiliary 

Limitations 

A Gripper-TBM does not have a completely closed shield; this 

fluenced and restricted 

upplies for the machine call for what, 

(Schweizerischer Ingenieur- und Architektenverein). The ability of 
the support to deform gives lower stresses and after a certain 
amount of deformation, the stresses are manageable and the 

 

in combination with soft rock. Amberg, F. (2004) 

rock bolts, shotcrete can be erected b
equipment mounted on the beam and/or backup. If support is 
erected from the main beam, it will affect the driving rate. A 
gripper TBM do this “two-step” support operation, while the 
shielded TBM only uses the principle of resistance. 
 

makes these machines sensitive to groundwater above the 
excavation, and when crossing fault zones. 
Economic applicability can be strongly in
through high wear costs on the cutting tools. Carbide 
reinforcement could be used temporarily for passing through 
harder sections in the alignment., but in the long run, super hard 
materials are to expensive. 
The material transfer and s
in some cases, can be very long back-up facility. The mucking 
system itself also controls the driving rate, since driving is not 
possible if there is nowhere to place the excavated material. 
 



2.1.1.2 The shielded TBM 

There are normally two kinds of shielded TBMs. Either single- or 
double shielded, see Appendix II. 
A shielded TBM (TBM-S) is a hard-rock TBM enclosed by a 
cylindrical shield. 
The double-shields are normally used when driving a tunnel under 
water or in geologies that are not self-supporting. Normally it is 
used in combination with precasted lining segments. Double 
shield TBMs combine radial purchase by means of grippers with 
longitudinal purchase by means of thrust rams reacting against the 
lining. A telescopic section at the centre of the TBM makes it 
possible to continue excavation while lining segments are being 
erected. 
 
Field of applications 

When driving tunnels in weak and fractured rock or where core 
sampling is impossible, a shielded machine is used because of its 
ability to withstand sudden changes in the geology. The TBM-S 
could also manage conditions under ingress of water (depending 
on if the cutterhead is manufactured as an open or closed 
cutterhead). The TBM-S is designed to overcome rock with the 
same compressive strength as the Gripper TBM. However, the 
shielded TBM does not reach the same advance rates because of 
the extra operation when the precasted lining segments are 
erected. 
 
Function  

If the rock is too weak to give enough resistance for advancing the 
TBM, the shield-mode can be used. In this case, the rear thrust 
jack will push against the segment ring and advance the machine. 
In Figure 4 a profile sketch of a shielded TBM is shown. 
When pressing the segments the TBM-S cannot perform any other 
parallel operations, which slow down the advance rate. 
 
Support 

The support is installed within the protection of the shield tail. 
The support usually consists of prefabricated segments. Grouting 
the annular void creates the load transfer between the lining and 
the subsoil. 
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In general, it must be ascertained whether a lining comprising an 
inner shell made of reinforced or un-reinforced concrete is needed 
or not. Segments and pipes are normally utilised as single skin 
linings. 
 
Limitations 

In hard rock conditions, the TBM-S could work in most 
environments. The rear part of the TBM-S is called the tail-skin, 
and the rings are normally erected under protection of the TBM 
itself. Thereafter applying of backfill material is essential to ensure 
stability. 

Tailskin 

Ring segments Backfill 

Thrust jack 

Figure 4 - Single shielded TBM, closed cutter head. (www.herrenknecht.de) 

2.1.1.3 The transportation systems to remove spoil 

In the TBMs, conveyor belt is a normal way of transporting spoils 
from the cutterhead. Some hydraulic face supporting shields 
transports the pasty spoil with a screw conveyor for further 
transportation. 
 
To be able to transport spoil on a conveyor belt the fragment size 
plays a special role of importance. The excavated volumes soon 
become considerable when the excavated tunnel is long and this 
in turn results in a mayor stock-keeping problem. The question is 
where all the excess material could be used.  
 
Fragments produced by the TBM can be divided into four groups 
visualised in Figure 5, namely: 
 Pulverized rock in the contact surface between the cutter 

and the rock. 
 Fragments, close to the cutter  
 Chip, comes from between two disc cutters 
 Boulders, comes from adjacent cracks or joints. 
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Figure 5 – Fragments obtained with disc cutters on a rock surface (lecture 
notes Rock construction engineering II, Luleå University of technology) 

 
The major influence on the fragment size is devoted to the disc 
cutter spacing (only adjustable during the machines construction 
time). Tests have been made in granodiorite; and the result 
showed that a cutter space of more than 130mm did not really 
affect the performance of boring but coarser fragments were more 
frequent.12 The distribution of fragment sizes is presented in Table 
4 page 33 
A higher feed pressure has not proved to give coarser chips. A 
higher pressure did not result in significant increase in wear. 
Geologically, it was shown that higher frequencies of joints gave 
coarser fragmentation. Also high stresses in the rock mass gave an 
increase of coarser fragments. 

 
 
 

2.1.2 Drilling and blasting 

 
In modern history, mainly four tunnelling methods have been 
used. The German, the English, the Belgian and the Austrian 
method. They differ in excavating order and support-philosophies. 
The methods will not be examined further. 
Nowadays the method most commonly used is the “New” 
Austrian Tunnelling Method, which is a developed version of the 
Austrian tunnelling method. 
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Field of application 

If the rock has a high content of abrasive minerals blasting is 
normally a more appropriate and economical driving method.13 
This comes from that the wear on cutters when for example 
driving through quartzite is considerable. 
 
When the owner wants a section that does not have a circular 
shape, drill and blast has a great advantage to other methods. In 
hard rock conditions, crossovers in tunnels are solely made by 
means of drilling and blasting. Rooms or recesses underground are 
also made by means of drilling and blasting. 
 
The methods success and popularity comes from the methods 
versatile equipment, fast start-up and relatively low capital cost tied 
to the equipment. Because of the low investment cost, there are 
more actors on the market by choosing drilling and blasting as the 
driving method. The owner makes the level of competition among 
the contractors higher.14 
 
The drill and blast operations can be undertaken in almost every 
geological condition except heavily disturbed rock mass. The 
method has a drawback when it comes to excavation below the 
ground water table. 
 
Function 

The face is prepared for loading initially by drilling. The face is 
then loaded and blasted followed by ventilation and excavation. 
Next follows the scaling and the reinforcement application. A new 
round is set out after that and the next drilling closes the 
operating cycle. 
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Support  

Figure 6 shows different support measures when driving with 
drilling and blasting. 

 

Figure 6 –Possible rock support measures in a conventional drive, Hoek, E. 
(2000) 

 
The permanent support for a drilled and blasted tunnel can be an 
additional permanent lining. The amount of support varies with 
the rock mass property. 
 
Limitation 

Drilling and blasting damages the contour more or less seriously, 
and rock support have to be used even though the rock mass from 
the beginning could be unsupported. The excavation speed is 
limited due to limitations in the length of rounds, which must be 
said is the largest disadvantage of the method together with the 
usage of explosives which lead to vibrations and sound pollution 
to nearby receivers.  
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2.2 Factors affecting the choice of method 1988 

The following chapter presents factors that influence the choice of tunnelling method according 

to Stille and Nord (1988).3 

The four key areas identified by Nord and Stille. 
 
 Geology and rock material 
 Geometry of the tunnel 
 Site conditions, and 
 Economic conditions of the contract 

 

2.2.1 Geology and rock material 

The authors state that regional homogeneity of the rock affects 
the choice of method. Nord and Stille conclude that variable rock 
conditions favour the choice of the blasting method. 
 
Water conditions affect both methods, but the TBM is more 
hampered than the blasting method if pre-grouting has to be done. 
The blasting method allows multiple activities to take place in the 
adit compared to the TBM, which delivers a completed tunnel but 
always depend on the accessibility to the face (Figure 1 speaks for 
itself). If pre reinforcement measures have to be done at the 
tunnel face, the potential high advance rate with the TBM is lost, 
which would speak for the choice of the blasting method. 
 
High Temperature is identified as a TBM problem since the 
electrical engines produce heat. The workers have to be at the 
tunnel face the whole shift and are more influenced by the heat 
than a worker in a conventional drive. 
 
Support requirements has been the real advantage of the boring 
technique, however if reinforcement has to be made it could affect 
the TBM negative. 

2.2.2 Geometry of the tunnel 

The boring method is concluded to be fully competitive in suitable 
ground conditions and almost competitive in very hard ground. 
The diameter of the tunnel is stated to have a low influence. 
A tunnel has to have a considerable length to spread the 
depreciate costs. A TBM in the diameter range 3,5 - 4,5m is 
considered written-off at 15 km since it could be used in several 
projects. In projects with larger diameters, the TBMs usually have 
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to be depreciated on the specific task for which they are designed. 
The curve radius seems to have a not considerable effect on the 
choice of method; the TBM itself is not the limiting factor, rather 
the back-up facility. 
 

2.2.3 Site conditions 

The site conditions are according to Nord and Stille the decisive 
factor in choosing between tunnel blasting and tunnel boring. 
This is mainly. The TBM does not need the lateral adits. A TBM 
could herby sometimes be the obvious choice. The power costs are 
also evaluated, and concluded to be equal with the both methods. 
Nord and Stille claim that the cost of work force has almost no 
influence on the choice either. 
Spoil is considered less recyclable from a TBM, and when lining is 
used, the cost to backfill the overbreak is almost zero in a boring 
operation. 
The boring methods sensibility to changes in the actual conditions 
makes the risks involved in boring higher than for blasting. This 
risk has to be priced in the tender documents. However, the better 
knowledge of the actual conditions, the better estimations can be 
made. The increase in information decrease the unforeseen costs 
prised in the tender. 

2.2.4 Economic conditions of the contract 

If the choice of boring method means a negative cash-flow in the 
first phase of the construction period, the contractor have to have 
a solid financial background. Import regulations and customs 
duties could make the decision simple. 
 
Stille and Nord thereafter refer to two projects undertaken by 
Skanska in Panama 1978, and Peru 1984, and the statements 
above are examples from these projects. 

2.3 Factors affecting the choice of tunnelling 
method 2004  

In this chapter a summary of articles and discussions in literature about modern tunnelling is 

made. The purpose is to find the key areas that influence the choice of driving method. 

 
Stille and Nord’s factors influencing the choice of tunnelling 
method 1988 can with slight adjustment be valid 2004. 
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In Sweden, laws nowadays consider tunnelling a “water activity” 
since the tunnels usually influence the groundwater level in the 
surrounding and lower it. The water conditions are to great extent 
connected to the geological conditions. So hydrology and geology 
must be considered in the choice between methods. Water inflow 
also influences the actual driving performance. 
Environmental consideration also plays a more important role 
today compared to 1988. Sustainable development and 
environment issues are always considered in modern projects.  
 
Decision-making based on uncertainty: Risk is also strongly 
influent on whether a project should be undertaken or not, and in 
turn influence the choice of tunnelling method. Economical 
aspects and of course the geometrical as stated by Stille and Nord, 
are kept intact as fields of major concern when choosing method. 
 
The fields of interest are summarized below. 
 

1. Geology 
2. Economy 
3. Environment 
4. Geometry 
5. Risk 

 

2.3.1 Geology and Hydrogeology 

 
The geological pre-investigation should give answers about the 
geology in the project’s alignment. The structural geological facts 
gives understanding on what kind of obstacles and challenges the 
rock mass will offer. 
 
The engineer-geological description contains information about 
what rock lies in the alignment, information about joint systems, 
crushed zones and the hydrological properties. 
 
Classification of the rock 

There are many systems to classify the rock mass. Germany, 
Switzerland and Austria divide the rock mass into excavation 
classes. Each class has a name, a direction of excavation method 
(part or full face) to use, and a restriction on: round length, the 
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call for reinforcement, a description of the rock mass geology and 
state, and a comment.15 
 
The toughness, also called abrasiveness of the rock is also a 
parameter evaluated. This parameter indicates what wear of the 
drilling equipment to be suspected. In percussive drilling with 
carbide cement bits and relatively small boreholes, the abrasiveness 
can be described by the accepted DRI (Drill Rate Index). When 
driving by means of cutting, the wear of the gear is considerable. 
The CLI (cutter life index), Cerchar- or LCPC index most often 
describes the abrasiveness. Hard compact rock leads to high wear, 
which in turn leads to high material costs and a considerable time 
loss due to the cutter change. Table 2 shows the uniaxial 
compressive strength for some selected rock masses.  

Table 2 - Denominations for compressive strength after ISRM (1978) 

Rock Compressive 
strength [MPa] 

Denomination of 
compressive 
strength 

Quartzite, fine-grained 
granite and 
Amphibolites 

320-250 
Extremely high 

Basalt 250-200 
Gneiss, medium-
grained granite 

200-150 

Limestone 150-100 

Very high 

Silicone sandstone 100-50 High 
Lime sandstone 50-25 Medium 
Marl, clayey sandstone 25-5 Low 
Clayey silt stones, Fault 
material 

1 -0.25 Very low, extremely 
low 

 
Recent studies by Barton,16 points towards that the rock mass 
property plays a more important role than included minerals 
themselves when referring to the ability to be bored. For example, 
the quartz content of rock influences the penetration rate in 
different ways. In soft rock, the quartzite could have a sharpening 
effect on the cutter tools. That is the very opposite to laboratory 
testing on a homogenous work piece. It has also been proved that 
the chipping effect is what really gives high penetration rates for 
cutters. 
                                           
15 Spaun, G. and Thuro, K. (1997) 
16 Barton, N. (2001) 
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Virgin stress 

The height of the overburden is proportional to the stress. High 
overburden equals high stresses. If the tensile- and or the 
compressive strength in the rock mass are exceeded, failure will 
occur in the rock mass. 
 
Failure in rock mass until a depth of approximately 500 meters 
consists of failures in discontinuities17 but failures in compact rock 
have to be considered when driving a tunnel at larger depths. 
Wedges also occur in the rock mass when driving, but that 
problem is not specific for a rock mass under high pressure. The 
fact is that it is the other way around if anything. 
This leaves two main rock mass failure mechanisms namely, 
Brittle- and ductile failure mechanisms 
 
Brittle failure of strong massive rock under high in s tu stresses. i

                                          

High anisotropic tectonic stresses locked in or the topographic 

relief causes high virgin stress. The failure mechanisms that occur 
are spalling, crushing and splintering of the brittle rock that in 
extreme cases can lead to implosive failures of the rock mass, so 
called rock burst. Deformations of the rock mass tend to be small 
except for those associated with the failed and loosened material.18 

Figure 7 - Brittle failure of strong massive rock under very high in situ stress 
levels Hoek, E. (2004) 

 
The requirement for the support in case of brittle failure is 
immediate setting to provide bearing capacity.19 

 
17 Nordlund et. al. (1998) 
18 Hoek, E. (2004) 
19 Amberg F. (2004) 
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Yielding 

Hoek, E. (2004) continues to explain the other failure mechanism, 
Yielding. Yielding is a phenomena caused by shear failure in 
homogeneous weak rock masses. This phenomenon is governed by 
the ratio of the rock mass strength to the in situ rock stress level. A 
very weak rock cannot sustain high shear stresses so the in situ 
stress fields tend to equalize over geological time. Large 
deformations may be associated with the formation of a “plastic 
zone” in the rock mass surrounding the tunnel. This is known as 
squeezing. 

Figure 8 - Formation of a plastic zone by shear failure of weak rock. Hoek, E. 
(2004) 

The geometry of the excavation also affects the deformation as 
seen in Figure 9. 

Figure 9 - The radial displacement in an advancing tunnel, Hoek, E. (2000) 
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Squeezing 

In order to estimate the deformation of a tunnel subjected to 
squeezing, an estimation of the deformation modulus (Young’s 
modulus) of the rock mass is required. This can be obtained from 
Equation 2 originally published by Serafim and Pereira (1983). 

( )
40

10RMR

m 10E
−

=
 

Equation 2 - Young's modulus according to Serafirm and Pereira where RMR 
is the rock mass rating 

 

The deformation of the tunnels is a function of the rock mass 
strength and the stresses developed due to the overburden. A soft 
rock mass does not need very high overburden to develop 
squeezing tendencies. A hard rock mass could show these 
tendencies depending on the contents of minerals.20 
 
Large long-term deformations only occur in rock with low strength 
and high deformability. A pronounced creep capacity is an 
important condition for the occurrence of this type of rock 
pressure. Phyllite, schist, serpentine, claystone, tuff, certain types 
of flysch, and weathered clayey and micaceous metamorphic rocks 
are typical examples of such rock types. 
 
The rock pressure tends do decrease with increasing rock 
deformation, and the existence of ground water or high pore 
pressure aids the development of the rock pressure and rock 
deformation. The problem with squeeze have successfully been 
decreased, or made handled by means of rock drainage.21 
 
Amberg, F. (2004) says that- In case of squeezing rock, the support 
must be flexible and at the same time provide sufficient support to 
keep the deformations in an admissible range. This is illustrated in 
Figure 3 page 11. 
 

 

23 

                                           
20 Hoek, E. (2000) 
21 Kovári et. al (2000) 



Face stability 

When driving a tunnel with excavating and subsequent 
reinforcement, the face has to be more or less load bearing. The 
choice of excavation method must be done so that no 
uncontrolled failure mechanisms occur. To rise the face stability 
when the virgin stress is evident, the following actions can be 
made: 
 
 Shorten the advance per round 
 Division of the cross section 
 Gradually stepped tunnel face 
 Leaving of a rock pillar as a support 
 Use of special methods, for example grouting, spiling or 

freezing. 
 
Sometimes the face has to be supported; this could be made by 
plastic material anchors, because of the unwanted treatment of 
metallic debris in crushers and transportation plants. To avoid 
rock fall leading to personal injuries the face could be supported 
with shotcrete. 
 
When excavating in full face, the stability around the face is 
critical. Advantages with driving in full face are: a higher advance 
rate and it is easier to evaluate and follow the production.22 
 

Fault zones 

Stråhle (2001)23 elucidate the terminology in his study for the 
Swedish Nuclear Fuel and Waste Management Co. Deformation 
zones indicated that movement have taken place sometime during 
the geological development. Mainly there are two concepts. 
Ductile deformation zones (shear zones) and fracture zones. The 
difference between them is that the deformations have been either 
plastic or brittle. 
A fault zone is described as a zone in the rock mass where a 
movement has decomposed the rock. Fault zones are not only 
joint systems, but could also be zones with extreme weak rock 
strength. Technically speaking are these zones more interesting 
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than just the joint-sets, while they will yield in severe technical 
obstacles that have to be overcome. 
 
In stable hard rock the boundary between the fault zone and the 
undisturbed zone sometimes is hard to determine. The cracks and 
their degree of opening decide the water transport. 
Zones with crushed material tend to dam up the water, and above 
these zones, the groundwater surface can reach a notable height. 
The high water column leads to dangerous conditions for the 
mining crews because of the risk of sudden ingress of water. 
 
Conclusively, the fault zones are zones with heavily decreased rock 
strength, comparable to soft rock. They are often zones of water 
transport, more or less permeable. In these zones, very different 
rock types can be positioned next to each other and the 
orientation of the zone can affect the strength of the underground 
construction. 
 
Crossing of a fault zone is not easy. When crossing zones 
described above, it could be necessary to apply a pre-grouting 
shield to avoid leakage into the tunnel and other rock support 
means in front of the drive. 
 
Rock water conditions 

In most hard rock types, the circulation of water is determined on 
the surfaces of the joints, the number of joints and the 
orientation, the extent and the opening width of the joints. 
Besides that, new water systems can be formed by decomposition 
and erosion inside the rock mass. Canals in the mountain karsts 
originate from the phenomenon that limestone comparative easily 
dissolves. Only in porous rock as conglomerate, limestone and 
fragmented rock, the pores play a role in water transport.. 
 
Water flow decreases the stability of water-sensitive rock, through 
softening, flushing and by decreasing the surface roughness. The 
filling in the joints gives rise to a swelling pressure and this can 
destroy the tunnel reinforcements. Water ingress also affects the 
efficiency of loading, transportation and other activities taking 
place in the tunnel face. 
 
The forecast of water conditions are very difficult, and normally 
made by geological- and hydrogeological estimations and 
experience to a large extent. 
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The water pressure in tunnels with high overburden is hard to 
master. In the alp-tunnel of the Gotthard Base tunnel, the 
groundwater table is situated at a height of 1800 meters above the 
ocean and the tunnels lay on 460 meters. The water column then 
reaches the height of 1340 meters, occasionally 135 bars. There 
are mainly only two ways to get rid of the water problem in such 
conditions 
 
 to drain the rock mass, or 
 to seal the tunnel, 

 
The most used method however is to make a combination of the 
two above. 
 
It is impossible to have a solution that looks somewhat like a skin, 
which would lead to an enormous thickness of the concrete 
construction. Sealing the rock mass is most often possible to do 
with the rock itself. 
 
The methods for sealing off the tunnels are many, for instance 
grouting shields, watertight membranes and linings. 
 
Polluted and hazardous water 

Some of the water in a mountain has never been exchanged; this 
water contains a high concentration of sulphur, which makes it 
unfriendly to the work environment. 
Tritium is a trace element used to determine water movements. 
Tritium is a waste substance from global nuclear bomb tests. It has 
a half-life of about 12 years, and is hazardous when consumed. 
When detecting tritium the geo-hydrologists know that the water 
has contact with a fresh-water reservoir.24 

2.3.2 Economical challenges 

Tunnels are the most expensive building besides bridges in civil 
engineering. Not just in terms of investments but also during the 
operational phase.25 
Tunnels cannot be driven at any cost which make a great demand 
upon economical and efficient driving methods. The choice of the 
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best-suited tunnelling method and optimization of operations are 
some of the keys to achieve faster tunnelling. 
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Mechaniza ion 

Mechanization and automation has as its two goals to relief people 
from heavy operations as far as possible, and to release workers to 
decrease the driving cost. Mechanizations lead to higher efficiency 
and increased safety. In the eighties, the mechanization really got 
into full swing. 
 
Excavation 

The trend has been to go from partial face excavating to full face 
excavating. Powerful machines that could both turn around an 
axle and applying the pressure at the same time do this. The disc 
cutters have come to a stop in size, and further development aim 
to find even more wear-resistant materials in the cutters. The 
cutters size is limited by their weight, consequently due to the 
handling when replacing the cutters. Carbide insert units are used, 
they are hard, but they are in this moment still to expensive to use 
through a whole tunnel. The weakest link has been the bearings, 
which is the contact between the cutter and the metal in the 
cutterhead. 
 
Dr ll ng and blasting 

Nowadays almost solely hydraulic drill equipment is used. The 
hydraulic drill equipment has about 50 percent higher degree of 
efficiency compared to pneumatic equipment. 
In blasting the mechanisation has lead to more efficient ignition 
systems, the electronic detonators are on the market, but still to 
expensive to use extensively in tunnelling. The pumpable, site 
sensitised emulsions improve charging by decreasing the charging 
time. 
The bore jumbos have an operating area, making them applicable 
in large tunnel areas without moving. 
 
Rock reinforcement 

The development, mechanization and automation in 
reinforcement equipment has been ongoing the last 50 years, here 
the equipment for building in steel arches, anchors and the 



machines for applying shotcrete has been in focus for 
improvements. 
The work environmental factor has been influent, due to the 
unfriendly environment when operating a mechanical spray head. 
Nowadays remote-controlled shotcrete robots are frequently used 
for applying shotcrete 
 
Transports 

Long tunnels make great demands upon the logistics. The 
transports of muck and reinforcement material to the tunnel face 
have to be optimised. The advance per round must be decided not 
only by the drill- and blast ability but also from the ability to 
receive muck in the transportation chain.26 
 
The transport of materials also plays a great role in driving 
economically. In driving with TBMs, the normal concept is to 
have a back-up installation. Then the excavated material  from the 
cutter head is loaded to the primary transportation equipment, 
often a conveyor belt or in some cases a screw conveyor in the 
TBM and thereafter transported backwards. After that, the spoil 
goes onto the secondary transport. 
 
There are mainly three methods of spoil transporting namely: Rail, 
dumper trucks and conveyor belts. 
 
Rail 

Transports using conventional rail have its best performance in 
small tunnel areas where the drives are long. The accepted incline 
of the tunnel is 3 percent. 
 
Advantages with rails are:  
 The cost for watering against dust is less than for wheel 

carried means of transport 
 The transportation cost for the labour is less, but somewhat 

inflexible 
 The energy cost is tolerably small 
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Dumper trucks 

Wheel haulage is flexible. It leads to pollutions and yield heat 
though. In spite of that, it is the most commonly used method for 
transporting muck underground. It is no use for the combination 
of a wheel loader and a truck, unless the transporting distance 
from the face to the opening is more than 800 meters.27 If the 
gallery area is small the wheel machines simply lose their 
profitability because of that the limited space does not give the 
operator the space needed operating the machine. The wheel 
loaders used for mucking normally has got the ability to unload to 
the side. 
 
Conveyor belts 

Conveyor belts perform best in tunnel diameters from 3.5 meters 
and larger. The length of the drive should extend 2 km. The 
conveyor belts have the ability to transport muck vertical through 
shafts, by folding the belt. This makes conveyor belts suitable 
where these conditions are reality. The conveyor belt is expensive, 
so that the investment has to pay off. The investment cost of the 
plant lower the cost for transports and mechanics. Due to less 
traffic in the tunnel, the ventilation can also be reduced. When 
the inclination is very high, the belt-solution gives the only 
economical solution. With the belt it is possible to have continues 
excavation. The transport to the tunnel face is also not interrupted 
by transports going backwards from the tunnel face. By taking 
away the transport activities, higher tunnelling performance can be 
achieved. 
 

2.3.3 Environmental challenges 

Generally, environmental impact is divided into impact on safety 
and health of people and impact on the environment on the other 
hand. Spoil is of considerable importance and material 
management is a common topic when talking about tunnels 
environmental impact. The water inflow in tunnels is also 
important from many point of views, this is examined further in 
the geology chapter. 
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2.3.3.1 Work environment 

Ventilation 

The ventilation-system shall ensure a: cleaner air, less dust, less 
concentrated exhaust gases, and correspond to the laws of work 
environment. Furthermore, the ventilation shall ensure good 
working conditions, prevention of accidents and illness and finally 
increase the motivation and the productivity. 
 
The work environment is affected by the concentration of 
impurities in the tunnel air. The impurities are mostly created by 
blasting and traffic in the tunnel. The authorities set limit values 
for gas, temperature and particle concentrations, thus the design 
and dimension of the ventilation system must achieve the defined 
limit values. On the other hand, ventilation system efficiency has a 
recorded effect on the performance of the whole excavation cycle. 
 
The emissions and particle that influences the tunnel air is 
presented in Table 3. 
 

Table 3 - The work environmental influence on tunnel air 

EMISSIONS FROM DRIVING 
Appearance: Sudden Continuous 
Operation: Blasting Loading Drilling 
Substance: Mineral 

dust 
Blasting 
fumes 

Mineral 
dust 

Diesel 
smoke 

Diesel 
fumes 

Mineral 
dust 

Risk: Silicosis Gas 
poisoni
ng 

Silicosis Cause 
cancer; 
lower 
visibilit
y 

Irritative 
effect, 
poisoni
ng 

Silicosis 

NATURAL GAS EMISSIONS 
Appearance: Sudden Continuous 
Gas capable 
of exploding 

Gas pockets 
containing explosive 
gas 

Leakage through pores 

Hydrogen 
sulphide 

Irritative effect to 
poisoning 

Irritative effect to poisoning 

Radon - Radiation 
 
 
 

30 



The air circulation system 

For long tunnels, the air has to be recycled. Recycling has proven 
to be superior when driving continuous driving because of the 
almost minimal leakage. 
 
The operating costs for the air supply system are direct 
proportional to the flow pressure done by the fans. 
High pressure leads to high cost. It is normally cheaper to invest in 
one large fan with high capacity instead of many small ones. Also 
during operating the driving cost of the many small fans are more 
expensive. 
When driving long tunnels with diesel driven machines, the 
investments in filters for the exhaust pay-off very fast. Still, the 
heat from a diesel engine is far higher than one from an electrical 
engine. The net production of heat is three times higher when 
using diesel-powered machines compared to electrical.28 
 
Cooling of tunnel air 

Practically the entire energy used by the machinery in the tunnel is 
converted into heat. 
The output from the engines of a TBM is transferred into the disc 
cutters that in turn by means of mechanical energy excavate the 
material and transforms the mechanical energy into heat. 
 
The warm muck releases waste-heat and the rollers, which reach 
considerable temperatures, have to be cooled by a cooling agents, 
normally water.29 
When the muck is transported on an open conveyor belt, the 
waste heat will be transferred into the air at all time. A closed belt 
or transports with carts are preferable. In the rail solution for 
mucking, the locomotives produce heat. 
  
The curing of shotcrete is an exothermal process. Each kilogram of 
cement produces approximately 380 kJ during the curing process. 
Personnel also produces heat, around 20 000 kJ heat per day and 
person. 
 
In some geological conditions, the temperature of the rock itself 
has a temperature above the desired level. The free water in the 
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rock mass then has the same temperature as the adjacent rock and 
the water entering the excavation will heat the tunnel air. 
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Figure 10 - Cost of lowering the tunnel temperature 
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Material management 

As considered earlier in this chapter the excavated material has to 
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costs, the example from the Gotthard Basis tunnel is presented 
above in Figure 10. The investment cost for one Megawatt of 
tunnel cooling in Bodio - Faido section of the Gotthard Basis 
tunnel costs about 1 million CHF. Additional 3 million CHF is 
the cost for operating. So raising the cooling effect with 1 MW 
cost approximately 4 million CHF. 
If the temperature in the gallery wo
from 28 (which is the SUVA MAK-value) to 25°C, the cost would 
be (24-18 = 6)*4 = 24 Million Swiss francs (15.5 million euros). In 
this case, 50percent of the cooling cost. 

be dealt with. Much of the excavated material could be recycled in 
constructions but there will also be spoil that just has to be 
deposited. 
When prod
the fraction larger than 16 mm is frequently used. The larger 
fragments the larger amount of recycling is possible. In Table 4 a 
comparison between excavation by means of drilling and blasting 
and a TBM shows that drilling and blasting gives substantial 
higher shares of coarse fragments exceeding the size 16 mm. 
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ercentage for different driving methods after (Büchi Table 4 - Fragment size p
& Thalmann, 1996) 

Fragment size percentage [%] Driving method Disc cutter 
spacing 
[mm] 0-4 [mm] 

>32 
[mm] 

>100 
[mm] 

Conventional 
(d&b) 

- 2-5 85-95 75-85 

TBM with “crusher 
head” 

60-70 30-50 2-20 0 

TBM with disc 
cutter (sediment, 
crystalline rock) 

65-85 15-50 5-50 0-10 

86 45 20 0 
129 40 30 5 

TBM with high 
disc cutter spacing 
(plutonic rock) 172 20 25 15 
 

2.3.4 Geometrical feasibility 

signed for their purposes. A 

tunnels in particular are made to prevail 

re exposed to severe rock 

 
                                          

Underground constructions are de
TBM can only perform one shape, the circular one. This means 
that if the tender document does not allow the non-circular shape, 
the method is made impossible. This is however a most powerful 
way of preventing development and limits the competition for 
construction contracts. 
 

unnels, and railroad T
obstacles, one could discuss whether an aesthetic railroad or 
subway tunnel serves a purpose or not. 
 

unnels situated deep underground aT
stresses. The circular shape is advantageous to the traditional 
shape. 
Egger (2000)30 writes in his paper “Design and construction aspects of 
deep tunnels” that civil and mining experience in constructing 
tunnels at great depths cannot be translated directly due to the 
different aspects of long-term safety and serviceable concludes that 
theoretical approaches and construction methods adopted in 
practice differ considerably in mining and in civil engineering. 
The need of yielding temporary support in deeply situated tunnels 
before the lining in civil works will become imperative. 

 
30 Egger, P (2000) 



2.3.5 Risk 
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 standstill of TBMs is the owners’ nightmare. The breakdown of 
the tunnel factory that the TBM make up normally results in 

 Typical causes of major TBM performance problems 
on the projects can be categorised as machine specific and 

teral adits, where as many faces as possible are 
ccessible. This admits flexible solutions where the resources could 

fluenced by the geological- and construction 
ctors. Where construction factors are: performance of crew, 

able events that cause exceptional cost and time. The first 
xample describes driving in a heavy fragmented rock mass, where 

                                          

A

major delays.

operational on one hand and due to geological complications on 
the other.  
 
To produce tunnels, the access to a tunnel face is the main 
requirement. This is why it feel safer to drive the tunnel from 
different la
a
be allocated in case of breakdowns. In the end however, there will 
be delays. The flexibility again is the key reason to the choice of 
driving method. Several parallel system render in an ability to 
distribute the risks. 
 
Decision-making under uncertainty makes use of risk analysis or 
analogous approaches. Tunnels cost and time and the variations of 
cost and time are in
fa
equipment and repairs somewhat possible to influence by the 
contractor and the geological factors that have to be estimated. 
This is careful described in Einstein’s (1996)31 paper and further 
examined by. Isaksson, T. (2002)32 in her doctorial thesis. She 
claims that there are various risk factors with different impacts on 
cost and time values in tunnelling projects. She concludes that it is 
important to make a clear distinction between normal cost and 
time and the undesirable events that cause exceptional cost and 
time.  
 
In Figure 11 are three scenarios pictured, incidents that actually 
occurred when driving in Switzerland. These are examples of 
undesir
e
the face tended to rush ahead of the TBM, resulting in loss of rock 
contact, and unfavourable fragmentation. 
 

 
31 Einstein, H.H. (1996) 
32 Isaksson, T. (2002) 
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e weight of the TBM 
ading to major deviation. 

 

(pictures modified from  by Kovári et 
al, in Tunnels and tunnelling international December 1993) 

 

machin ed by 
worsening ground conditions. 
 

The second example is an unsuccessful crossing of a fault zone, 
where the ground could not uphold th
le
 
The third example shows a crown collapses due to unfavourable 
geology. 
 

Figure 11 - Major standstills for TBMs occured by geological problems 
The Swiss experience (large diameter TBMs)

As soon as the rock conditions become less favourable shielded 
es show higher advance rates and are less affect



 

3 The Lötschberg Base Tunnel 
Here the choice of tunnelling method in Lötschberg will be compared to previous research and 

see if or how it is applied. 

 
In Switzerland, a gigantic tunnelling project is in full progress in 
the Swiss Alps. It is called the NRLA (the New Rail Link through 
the Alps) or NEAT in German. The purpose of the NRLA is to 
shift transalpine transit traffic from road to rail. As part of the 
European high-speed rail network, it will also ensure faster 
connections in passenger transport.33 The NRLA project consists 
partly of the two long base tunnels; The Gotthard base tunnel and 
The Lötschberg base tunnel. In this thesis, a closer study will be 
carried out at the Lötschberg base tunnel that is being constructed 
simultaneously from five construction sites.  
Skanska International participates in a joint venture (jv) called 
SATCO that drives a drill- and blast drive north- and southward 
from the intermediate working point “Mitholz base point”. A 
closer description of the project will be made in this chapter. As a 
part of this study, the driving method has been studied to see how 
a drill and blast operation is performed in the 15,6 kilometre long 
drive.  
 
In Figure 12 a map of Switzerland and the involved railroad 
connections are shown. 
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Figure 12 - Picture describing the NRLA (NEAT) project 

 
The initiative to this enormous infrastructure project comes of the 
strikingly increase of the trailer transit traffic through Switzerland. 
The last 20 years the intensity of transit traffic through 
Switzerland has been sixfold. 
 
The Lötschberg base tunnel (LBT) 

The Lötschberg base tunnel is 34.6 kilometres long and extends 
from Frutigen in the Kander valley (canton Bern) to Raron in the 
Rhone valley (canton Valais). The LBT will, after it is opened 
2007, together with the Simplon tunnel be the first fast north-
south transalpine link. Construction work on the base tunnel 
tubes began in 1999. The first breakthrough took place in 
December 2002; the entire base tunnel will most likely be 
excavated in the beginning of 2005. 
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Figure 13 - The Lötschberg tunnel sections driven conventionally and with TBMs. 

The investigations made for the Lötschberg base tunnel are 
meticulous made. Practically nothing is left unexamined. The area 
where the Lötschberg base tunnel is undertaken is documented, 
not only in drilling but also in exploration adits and pilot tunnels 
are of particular importance for the geological investigations. 
 
The LBT is a project with considerable length and with high 
overburden. The adits are made sparsely due to the driving cost to 
make a several kilometre long lateral adit. For example in Sedrun at 
the other big transalpine tunnel project Gotthard Base tunnel one of 
the adits is made as a vertical shaft with a depth of approximately 
800 meters. This enables an economically more sustainable 
solution than the six and a half kilometres long lateral adit made 
with a normal incline that had to be done otherwise. 
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The NRLA project contribute to the knowledge in tunnelling. The 
Alp Transit-Base tunnel projects have for example made the 
development of the hard rock TBMs even faster. 
 
The Lötschberg base tunnel is sub-divided into sections that 
present optimal condition for construction in civil engineering 
terms. 
The tunnel has three lateral adits: Mitholz, Ferden and Steg. There 
are also two portals at Frutigen and Raron. In total, there are five 
working points. The longest section is the one between Mitholz 
and Ferden. Both driving methods, conventional method and 
with gripper TBMs are present at the tunnel project. 
 

3.1 Driving methods in Lötschberg 

The choice of driving method 

In Lötschberg, the choice of tunnelling method aim to apply both 
TBMs and conventional method. In some areas, however driving 
with a TBM would be risky and it could jeopardise the overall 
project economy, therefore those parts of the project call for 
driving by means of drilling and blasting.34 
 
The project was split into different construction packages, where 
the borders of the subcontracts consist of geological boundaries 
made to optimize the practice of TBMs. 
The decisions of the tunnelling methods in the Mitholz 
subcontract consider steep inclines together with geological aspects 
as for example alignments crossing a phyllite zone. In some areas, 
the need to build several lateral openings and connection galleries 
speak for conventional driving method. 
 
From 1991 to 1999, geologists explored the conditions of the 
Lötschberg, drilling 27 deep boreholes some up to 1.4 km long. In 
addition, the 9.4 km exploratory tunnel from Frutigen, the 
Lötschberg high-elevation tunnel and the many tunnels for roads 
and hydro electrical power plants provided a wealth of 
information on the geological conditions. During driving, trial 
drilling ahead of the face is made to prevent surprises. 
 
The choice of the dividing can be seen in Figure 13. 
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The choice of combining methods in Mitholz 

The contractor: the international jv, SATCO (Swiss Alp-transit 
Contractors) of the Mitholz subsection had a wish to make the 
production even more efficient. Because of the varying geology in 
the section and the complex layout, the tender documents called 
for drilling and blasting. 
 
Since the tunnelling distance exceeded eleven kilometres, some 
investments was made to ensure high performance. One of the 
Swiss companies in the jv had experience in using conveyor-belt 
mucking in a drilling and blasting operation. It was decided that 
conveyor belts should do all the mucking out. Wolfgang Lehner, 
the construction site manager says that this choice was correct.35 
Eriksson, S. and Holmberg, M. also verified that the method work 
better than expected, mainly because of that the loading time 
decreased.36 

3.1.1 The TBM in Lötschberg 

In the two southernmost subcontracts Steg and Raron open TBMs 
have been used. The two TBMs had a diameter of 9.43 m and are 
extendable to 9.63 meters. They are of the open gripper type. 
 
The drifts are 8925 meter at Steg and 10005 meters in Raron. The 
geology differs because of the crossing of different nappen. In the 
beginning of the drive, it was sedimentary- and later crystalline 
rock such as granodiorite gneiss, and granite. 
 
In the Steg Niedergestein portal the TBM set up a world record on 
September 9. 2003, 50.1 meters of tunnel was driven in one day. 
After finishing its drive, the machine head was dismantled, and 
the rest of the machine was wheeled back to the tunnel portal on 
rails. The Steg part will be a carcass construction ready to be fully 
equipped in a later stage. 

3.1.2 Drilling and blasting in Lötschberg 

Drilling and blasting is the method used at the Mitholz section. In 
the beginning of the 90’s a 700 meters lateral adit was made in 
Mitholz down to the future base tunnel. It was excavated by 
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conventional method at intervals using electronic detonators. The 
conclusion made, was that the electronic detonators worked well, 
but the high price of the blasting caps did not outweigh the 
advantages. The usage was therefore limited. The price for one 
unit was 6-7 times higher than for a conventional electrical 
detonator. 
 
Surveying during the construction of the lateral adit was made 
with the Bever system and worked as feedback for the operator. 
The system led to a new behaviour of the operator and led to 
savings originating from decrease of overbreak. The first 100 
meters the total volume of overbreak was measured to 532 m3 and 
the last 100 meters (the section 0/600 – 0 /700), the overbreak 
was 204 m3. The overbreak steadily sank with the excavated 
distance. A saving of barely 62 percent speaks for itself. The 
deviation in tunnel diameter was then 10 cm, which is a figure 
that was considered impossible not many years ago.37 
 
In today’s Mitholz tender documents, there is a demand for 
computerized equipment for surveying and aiming. Bedsides that, 
are there no regulations regarding the damage in the contour or 
contractual demands on type of explosives.38 
 
The Operation 

After blasting, the wheel loader carries the muck to the mobile 
crusher 50-60 meters behind the tunnel face just in front of the 
back-up installation. From the crusher, the crushed material is 
transported onto the back-up installation platform to the main 
conveyor belt and thereafter to the junction where the owner takes 
care of the material. 
The whole system including the back-up installation and the 
primary conveyor belt require roughly 500-700 meters of the 
tunnel.  That means that the first part of a tunnel had to be done 
conventionally. 
 
However, some attempts to improve the advance rate are actually 
not worth the stakes. To minimize the all over cycle time in the 
tunnelling operation, the miners decided to charge the bottom 
holes of the round while drilling the upper ones. 
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The production manager Blass on behalf of the security prohibited 
this for the people charging. The timesaving was not worth the 
increased potential of personal injuries.39 
 
Drilling is made with contemporary drill-rigs that are computer-
aided semi automatic. Loading of the blast is done by pumpable 
emulsion, which have improved the loading time evidently. 

3.2 The geology and hydrology 

The Lötschberg tunnel passes through sedimentary rocks such as 
sandstone, marls, and limestone. In the south a phyllite in the so-
called Helvetic nappe system is dominating. The remaining tunnel 
section in the south is the so-called Aare Massif, a formation also 
encountered in the Gotthard tunnel. 
Due to the flat stratification and the heavily scaled formation, the 
prediction of the geological circumstances is hard. In a civil 
engineering perspective the rock is not difficult to overcome while 
it is very well known in the area, the problem is the changing 
geology, spanning from hard limestone to mighty, relatively soft 
flysch layers. 
 
Fault zones 

Geologists predicted three geological risk areas at the Lötschberg 
project: the Triassic zone immediately after the south portal at 
Raron, the Jungfrau wedge near Ferden and the Doldenhorn Cap 
with the adjacent autochthonous north, to the south of Mitholz. 
The geology also influences the tunnel driving method: on the 
Lötschberg, 80 percent of the tunnel will be blasted and 20 
percent drifted using tunnel boring machines. 
 
The Triassic zone at Raron 
The area where the TBM should pass contained powdery “rock”. 
These areas were opened by means of drilling and blasting. The 
TBM was then pulled through this section. When subsequently 
penetrating the Lias Limestone under the village of St German, 
water was drained from the mountain. This was expected, but not 
expected was the subsequent subsidence that occurred in the 
village due to presence of peat and sand in the ground. 
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The Jungfrau wedge 
The wedge transported water and consisted of sedimentary layers. 
The tunnel workers injected 337 tons of special cement mortar 
into the mountain to seal the rock around the tunnel tube. 
 
The Doldenhorn cap, and the autochthonous north. 
Preliminary drilling was made all the time in the sandstone south 
of Mitholz to find possible water-filled karst sinkholes. The driving 
through the area passed without any mishaps. 
 
Water ingress 

Pre-grouting is not performed when driving; this method for 
sealing the tunnel is only made in considerable water-bearing 
zones. However, trial drilling is made to investigate ingress of 
water, rock quality and occurrence of gas. 
 
Some hydro-geological conditions are still unknown because of the 
costly exploratory drilling from the surface. 
The fear is presence of subsurface water bearing cavities, 
discontinuities and rock with squeezing tendencies. 
 
The tunnels are drained. The exploration adit made in the 
beginning of the nineties has during long time drained the 
mountain to a manageable groundwater level. 
 
The tunnels are carried out as drained tunnels and the allowed 
leakage is between 5 – 20 l/sec. and kilometre tunnel. In areas 
where the ingress is high, a plastic membrane will be used. 
 
The water form the tunnel has to be treated before let out in the 
nearby watercourses. A treatment plant exists in the junction 
underground. 
 
The unfavourable orientation of the sedimentary layers calls for 
extra reinforcement measures. 
 
Countermeasures to conquer the projects geology 

The deformation in the rock is considerable. Because of this, the 
support applied has to be able to deform. This is made by means 
of shotcrete and formable arches. 
The rock deformations actually shear off the installed rock-bolts 
and parts of the destroyed bolts fall into the tunnel because of 
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this. Welded mesh reinforcement has to be used to prevent falling 
of both bolt-parts and shotcrete flakes onto the labour and 
machines. 
 
Pre-investigating drilling is made all the time to decrease the risk 
of surprises in the heading. Boart Longyear’s Morissette Division, 
experts on making horizontal pre-investigating drilling in the 
heading has been hired because of that a higher accuracy than the 
rigs own capacity was demanded. 
 

3.3 The economy 

Management 

In Switzerland, the working-hours is 176 hours per month (8.5 
hours / day). The production is made throughout the twenty-four 
hours. That means four shifts, three working and one shift free. 
 
The production manager Blass, H. interviewed finds the system 
with two parallel production managers excellent. The management 
work nine days and are let off for five. The possibility to be off for 
5 days really pay off in a rest and recovering perspective which he 
says after several years of working in camp-like conditions as a 
contractor.  
The two days overlap, makes the handing over of the responsibility 
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Figure 14 - Working schedule for the two production managers, above named 

 

Contract conditions 

The contracts are very strict general contracts. The owners control 

as 
made as a price. The first jv to reach their boundary would get the 

M1 and M2 

is essentially high, the documents very detailed and controlled. 
The last part of the excavation between Mitholz and Ferden w
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T c
transport solution obliged in the tender documents. 

te, shotcrete, 

to 
chieve the mobility and flexibility that the wheeled solution 

plication without unnecessary handling. 

xample service 
uck that would have problems to arrive where and when they 

driven as three detached 
nnels with separate resources.  

n reserve for all the tunnels, that 
: impact crusher, drilling rig, and shotcrete robot. 

Normally a back-up installation comes with the TBM. They are 
used to carry equipment, electrical system, hydraulic systems, 

 with drilling and blasting the use of a back-
p installation has been tested in a couple of projects before LBT. 

additional kilometres of tunnel to the breakthrough. This 
somewhat uncommon event lead to a competitive moment 
between the jvs, and also high production-rates. 
 
Countermeasures to improve the projects econ

he board of the joint venture de ided not to use rail as the 

Instead conveyor belts for excavated material was chosen for 
transports towards the face like personnel, concre
rock bolts, explosives and so on. The jv decided to use wheel 
solutions which is way more flexible than rail bound transports. 
 
The extra effort put into ventilation was considered necessary 
a
admitted. 
A transport from above ground should be able to arrive to the 
point of ap
 
The rail would have limited the flexibility and for e
tr
were asked for. In case of accidents under the constructional 
phase, emergency vehicles like ambulances and fire brigade also 
have the ability to access the face quickly. 
 
It was decided that the tunnels should be 
tu
 
Some of the equipment is commo
is
 
The back-up installation 

workshop, and site huts. In most cases, the back-up installations 
are constructed as cars going on rail but also sometimes as hanging 
back-up installations. 
 
When driving tunnels
u
 



The backup installation is about 100 meters long and is situated 
approximately 60 meters behind the tunnel face. The platform is 
suspended on chains hanging from steel beams in the tunnel roof. 
The platform allows a floor-to-ceiling height (floor-to-crown height) 
of 4.5 meters. The area underneath the platform is useful for 
machines operating at the tunnel face. 
 
The hanging platform creates an extra upper floor in the tunnel, 
where many of the installations that normally have to stand on the 
ground are mounted. 
Most of the vehicles not used in the operation are parked under 
the back-up system ready to access at the face again. 
The platform makes the flexibility even higher for the ongoing 
operations at the tunnel face and this must be said to be SATCOs 
goal. To make an evaluation of how much money the extra space 
is worth and the absent of repair costs for: broken, damaged by 
rock throw, overrun equipment is not made in this thesis, but 
could definitely be a field for further studies. 
When blasting, the equipment is safe just under the roof and 
protected from below by the platform. 
 
Transports 

All the good quality excavated rock is delivered to chutes 
underground by the conveyor belts; there the owner takes charge 
of the material. The delivered material is allowed to have the 
dimensions of maximum 200 mm. For this reason, all material has 
to be crushed underground. This is made by the means of a 
crawler-mounted operating with horizontal flow. The material is 
transported from the chutes to the surface with a hexagonal 
foldable conveyor belt. On the surface, the excavated material is 
passed through a sieve and a large amount of the material is 
recycled on-site as aggregate and components of shotcrete and 
concrete used in the tunnel. 
 
The flysch that a great part of the mountain consisted of has a 
clogging effect. This is a slight problem leading to jamming of the 
mobile crusher. The flysch also clogs up the conveyor belt so that 
when excavating this kind of material, dump trucks are used for 
material transport from the face to the underground stock. 
  
Not all material excavated can be used as concrete, so the low 
quality aggregate has to be stocked. In the summer of 2004 a 
longer section of very bad quality rock was excavated which 
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resulted in a considerable stock of material outside the tunnel. 
This material in turn caused a large settlement which possible lead 
to the breakage of a cut-and-cover tunnel near the material depot. 
This happened even though a large amount of concern was put 
into material management. 
 

3.4 The work environment 

The restriction in ventilation and temperature are high in 
Lötschberg, 28 degrees Celsius is the maximum temperature 
allowed. This call for a refrigerating plant since the rock 
temperature in the region holds a temperature of about 40 degrees 
Celsius. 
 
Ventilation and working conditions 

From a work environmental point of view, the Lötschberg project 
is regulated by the SUVA (Schweizerische 
Unfallversicherungsanstalt) and their MAK-values, which simply 
are maximum allowed concentration of substances in the gallery 
when driving. When driving tunnels with TBM, dust is a major 
concern. Quartz is the mineral that contributes to health hazards. 
The higher amount of quartz, the more dangerous dust. Applying 
of shotcrete also contribute to the dusty atmosphere, dry mix is 
worse than wet-mix. Diesel engines produce not only hazardous 
fumes but also particles. The particles have been in focus for the 
work-environment and the demands are almost impossible to meet 
without particle filters on the machines. When blasting, toxic 
fumes will be set free. 
 
Safety 

The ventilation system must be designed to meet extreme 
conditions caused by for example a fire in the gallery, the 
occurrence of methane in the rock also set for design. A gas 
explosion in the tunnel is unacceptable. Because of this, the 
ventilation is designed to dilute the possible concentration under 
explosion concentration level.  
 
Recycling of air 

When driving two parallel galleries, and especially when the drive 
is long is it usual to use an air circulation system. One of the 
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galleries serves as a deliverer of fresh air and the other take away 
the used air. About half the amount of the fresh air will be 
delivered to the face in the fresh air duct. The recycling system in 
Mitholz is explained in Figure 15. The circulation of the air is 
depending on the effect of the fans in the gate and also the fans at 
the back-up installation close to the face. It is very important that 
the airtight seals in the cross cuts remain closed or the system will 
not work. 

 

Tunnel face

 

Figure 15 – A top view of the ventilation concept in the Mitholz southbound 
drive. Due to the extensive length the tunnels themselves are used as 

ventilation ducts. (After blueprints by Korfmann Lufttechnik GmbH on site) 

 
Cooling 

Von Roten writes in the report20 that due to the high rock-
temperatures in the Lötschberg tunnel, a system to cool the air has 
to be used. The demands on the cooling system have to comply 
with the regulations and the heat produced by working in the adit. 
The largest net producers of heat during driving are diesel engines 
and the heat of hydration. The cooling devices are mounted on 
the back-up installation. 
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4 Factors affecting the choice of 
tunnelling method 

 
This chapter presents the different possibilities and solutions to the problems presented in the 

introduction based on the theories and thereafter applied on the empirics. 

 
The choice of tunnelling method in the Lötschberg base tunnel 
has been made concerning: 
 Geometrical conditions 
 Geological conditions 
 Environmental conditions 
 Economical conditions, and  
 Risk 

 
As far as possible, both methods are authorised at the tender stage 
for the sake of projects all over economy. The project was split 
into a series of separate construction packages to optimize the use 
of the TBMs. 

4.1 The geometry  

The geometrical influence is somewhat obvious. The shape of the 
tunnel has to be circular to make it possible for a TBM to excavate 
the tunnel. It must nonetheless be emphasized that the design of 
the tunnel does not favour one method to another. 
 
The length has also been considered. Since the investment cost is 
significant for the TBM, the tunnel cannot be too short. The 
machine is exposed to a rough environment and the resale price is 
not especially advantageous for an owner. Because of this, the 
machine should be depreciated on the project. The lengths of all 
the contracts are each over 4 km, which could according to earlier 
theories justify the TBMs. The two drives actually driven by TBMs 
are 8.6 and 9.7 km. 
 
In the section with advanced layouts and design, a non-circular 
shape was needed and the choice was obvious to the favour of 
drilling and blasting.  
The 12 percent incline of the lateral adits to the Ferden 
subcontract together with unfavourable geology spoke in advance 
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for drilling and blasting. Steep incline does not coincide with 
muck transport on rail in Switzerland. 
 
It the Lötschberg tunnel, shotcrete is used as permanent support 
only in areas with varying geometries. In the other sections, a 
concrete lining is applied to ensure the demand of lifetime and 
the long-term deformations. The Lötschberg Base Tunnel is not 
designed to withstand the water pressure but performed as a 
drained tunnel. 

4.2 The economy 

The uppermost criterion in the minds of the owner during the 
planning and construction phases is to guarantee the safety of 
local residents, passengers, goods and environment. Equal 
important is to utilise the public and private resources made 
available with the greatest responsibility. 
Risk management is taken very serious and the work with this 
topic is an ongoing process throughout the whole project. 
The owner of the other NRLA project states that the best way of 
keeping major risk as manageable as possible is to choose the right 
partner for construction.40 This points towards the biggest fear, 
delays. 
 
The advance rate is the considered to be the prime influence on 
the economy. The actual will to employ the TBMs are because of 
the higher advance rates in the right conditions. 
 
Many of the improvements made in the Mitholz subcontract, as 
for example the crusher, the hanging back-up equipment, and use 
of wheeled transports and haulage by conveyor belts have an 
economical benefit. This has not been evaluated in this thesis. The 
high-tech equipment pays off when the expected driving rates are 
achieved. 
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4.3 The environment 

The ground water 

“Due to high water pressure deep tunnels are normally drained tunnels; it 
is neither technically feasible nor economically reasonable to try to seal off 
entirely deep tunnels” Amberg, F. (2004)19 

 
The LBT is carried out as a drained tunnel. The reason is to 
minimize the risks of uncontrolled drainage and to lower the 
enormous costs trying to keep the groundwater table at its normal 
level. In spite of that there was an unforeseen problem with 
drainage of the village of St. German nearby the southern portal 
in Raron. The drainage rendered in subsidence, which affected 
some houses in the area. Before the subsidence however, the 
owner assured the inhabitants of St. German newly drilled wells to 
guarantee water access. 
 
Another reason for making a drained tunnel is to assure lower 
maintenance- or life cycle cost. The groundwater consists of more 
or less aggressive dissolved minerals that could crystallize in 
contact with oxygen. In cold climate, frozen water could also lead 
to frost cracks or increased loads, which in turn lead to 
breakdowns in fissures. The minerals also clog up the drainage 
systems. Finally yet importantly, destructive corrosion and the 
attack on installation placed in the tunnel are problems associated 
with water and water ingress. 
In the Alps, another factor adds to the water problems, the high 
tunnel temperatures catalyses the chemical reactions. 
 
Dust and noise 

Conveyor belts carry out the transportation of muck in the 
Lötschberg tunnel to a great extent. The belts going to the storage 
sites on the surface are covered with hoods so that the dust will 
reduce the influence on people living close to the tunnels. 
The demand in the Mitholz tender documents to deliver aggregate 
not bigger than 200 mm speaks for crushing of muck at the tunnel 
face. Then the loud noise is produced where the people wear ear 
protection and equipment can withstand the sound and dust, 
people outside in general only hear the aggregate fall from the 
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conveyor down on the mound. This also admits the twenty-four-
seven working schedule underground. 

4.4 The geology and hydrogeology 

 
The Lötschberg tunnels have been divided into 5 different 
contracts. Some of the boundaries are natural geological 
boundaries. This in turn lead to that a subcontract is somewhat 
similar in respect of the geology. The geological factors affecting 
the choice, also contains the methods ability to conquer different 
conditions. The TBMs employed are the open gripper type in 
Lötschberg. Those machines are employed when the risk of 
jamming is somewhat small and the crossing of fault zones are few. 
 
If the rock mass has got fault zones with earth mixed rock or 
decomposed zones the need for reinforcement measure will be 
significant. This could lead to severe problem for a gripper TBM, 
and reinforcements in front of the cutterhead will have to take 
place. This could be pre-grouting or spiling for example. However, 
this operation is not desirable with a TBM, and this would speak 
in favour for either a shielded TBM or drilling and blasting. 
 

4.5 The risk 

The choice of method is made to minimize the risk and to attain a 
high advance-rate. This can be achieved with different methods in 
different geology. The open gripper TBMs achieve the highest 
advance rates compared to both drilling and blasting and shielded 
TBMs, provided that the circumstances are favourable. 
 
The Swiss outlook is to minimize risks of the overall project. The 
reduction is partly made by means of careful pre-investigations and 
putting the geological factors in focus when choosing driving 
method. In the Lötschberg contract, some subcontracts were not 
allowed to use the TBM, however in some cases it was optional, 
and the contractor hereby took a greater risk. 
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5 The choice of driving method compared 
to obtained knowledge 

The purpose of this study was to determine which basis the 
decision of tunnel method in the Lötschberg tunnel relies on, and 
thereafter discuss if it is applicable in other conditions. 
 
The definitive answer to which tunnelling method should be 
chosen is very hard to determine. The conventional driving 
method has improved due to the competition from the more and 
more competitive method of rock boring. The main reason for 
choosing is to achieve the most cost effective tunnel. Nevertheless, 
development of methods only occurs where competition takes 
place. 
 
The comprehension gained during this thesis reveals striving for 
high advance rates in the tunnelling projects. The reasons are 
many, but most probably due to the high labour costs. An early 
final inspection leads to money saved for the contractors and an 
earlier access for the owner, a so-called win-win situation.  
The work related stress factor at construction sites causes injuries 
and therefore high advance rates lead to high frequency of 
injuries? If the tunnelling method admits high advance rates in a 
normal working pace, it must be considered superior. 
 
In the Lötschberg base tunnel the owner wanted to drive as much 
as possible with the TBMs. This decision is based on the matter of 
recorded higher performances by TBMs. The high advance rate 
would minimize the construction time. 
The TBM is applied where it is possible from a geological point of 
view. Consequently, if the geology prevents high advance rates of 
the TBM, the method should not be chosen. 
 
The factors affecting the choice of suitable tunnelling methods 
studied in this thesis were: 
 The geometrical conditions 
 The geological conditions 
 The environmental conditions 
 The economical conditions, and  
 The risk 
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5.1 The geometrical influence 

The very first question that has to be evaluated is whether the 
owner wants to have the TBM to compete as a method in the 
tendering. It is very easy to disqualify the method by ordering a 
non-circular shape. 
 
Because of the high investment costs of a TBM, the tunnel length 
have to exceed around four to five kilometres to make a 
comparison of the driving methods relevant. 
A long tunnel is de facto defined as a tunnel with a length of 5 to 
15 km or more (2003)5. As described in the theory chapter, 
depreciation is made after about 15 km. In projects where the 
machine is exclusively designed, it has to be depreciated on that 
project of course. 
 
A national uniform layout of cross sections for example train 
tunnels would make it possible to apply the same equipment to 
several projects. A standard design of tunnels would also invite to 
the industrialization sought after. 
 
Conclusively in the field of geometry 

Both of the examined tunnelling methods will be applied together 
in the future. The drill and blasting operations can excavate 
asymmetrical cross sections, sharp curves and crosscuts that always 
are parts of infrastructure projects. 
Complex design is dedicated to drilling and blasting. How 
important is it for a train tunnel to be stylish and beautiful on the 
inside? Maybe train tunnels should be designed to be easy 
excavated. 
As a contrary, motor traffic tunnels are actually experienced by the 
users and have a legitimacy of being aesthetic. 
The tunnels in Lötschberg are design somewhat uniform which 
invites to a more industrial production process. 
 

5.2 The economical influence 

 
The advance rate has been found very important, because of its 
high influence on the overall project economy. 
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Two factors were identified as being essential to achieve faster 
advance rates: First, the need to have a well-trained and motivated 
team and second the importance of maximizing the availability of 
the excavation- and mucking equipment. 
 
Because of the great extension in the reference project studied, the 
project time will be longer. A longer construction phase will justify 
investments. This makes the mechanized tunnelling methods 
competitive to the drill and blast method regardless of the large 
capital tye-up in the very expensive TBMs. One example is the 
conveyor belt systems in the Lötschberg tunnel; the system is costly 
but necessary. It is necessary to meet the environmental and work 
environmental demands. 
 
When it is possible to assure continuous driving, a utopian linear 
model can describe the relationship. The function y = kx+m 
describes the overall driving cost. 
 
Where: 
y = driving cost contribution to the project overall cost in [money] 
k = the derivate of the function [cost/meter]. 
x = tunnel length [meter] 
m = investments before driving [currency] 
 
The relationship between the constants m and k should be 
considered, hence the incline of the curve are lower if the 
investments are high. 
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Figure 16 - Driving costs for a tunnel (the unbroken line represent low 
investment costs but high working cost (D+B) and the dashed line the 

opposite (a TBM) 

 
To retain performance over the lengthy drives is very important. 
In homogenous rock conditions, the TBM advance-rate per day is 
higher than for the one of drilling and blasting. Figures from 
Lötschberg are shown in Table 5 to verify this statement. 
 

Table 5 - Advance rates in Lötschberg, (T&TI May 2004) 

 
TBM 
(Steg) 

TBM 
(Raron) 

Drilling and 
blasting 

Average daily 
advance 

12.6m 12.2m 6m 

Planned rates 13m 7.5m 
Average monthly 

advance 
380m 370m 160m 

Best monthly 
advance 

672m 747m 312m 

 
The advance-rates of TBMs are a function of both penetration-rate 
and utilization of the machine. The utilization for TBMs is still 
normally around 50 percent. The reason to this can sometimes be 
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a consequence of bad organisation at the work-site. In Tarkoy’s41 
study “A tale of two tunnel bores” it is shown that changing of cutters 
affected the downtime and was the main reason for the low 
utilization in hard rock. Other large influences are the placing of 
support and time of waiting for the spoil transports. This point at, 
an abrasive environment that leads to a high wear is even more 
unfavourable for the TBM compared to the drill and blast 
operation. But what rock is abrasive? That question is not yet 
entirely settled and the scientists are disunited. 
 
The TBMs in Lötschberg are maintained every third shift. This 
leads to that only 66 percent of driving percentage is permitted to 
start with. The remaining third is planned and scheduled. During 
the excavation stop other operations can take place. 
 
Conclusions in the field of economy 

The owner’s outlook in the Swiss reference project has been to 
invest at an early stage to avoid potential high future costs. 
Examples are the construction of the carcass tunnel and the extra 
portal to avoid possible future construction work. 
The tendency of tunnelling is to attain a more and more industrial 
like operation with high progress rates as an output. 
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5.3 The environmental influence 

Groundwater questions walk hand in hand with geological 
questions. The effect on the environment when driving tunnels is 
obvious. Not just for the people driving the tunnel, but also 
adjacent nature and settlements. 
 
Conclusions concerning environmental issues 

It can be concluded that a high driving rate is allowed to cost more 
in form of ventilation measures. The extra heat produced at a 
TBM head could be evened out by the high advance rates. Here, 
the opinions diverge. Von Roten states that the drill and blast 
operation as a process produces more heat than a TBM process 
and Stille and Nord claim the opposite. A final decision has not 
been made however. 
 
Dust and noise should be situated to places where the 
surroundings are affected as little as possible. Again, high driving 
rates would lead to faster completion, and subsequently less 
concern to the surroundings in terms of lengthy construction 
times. 
 
Material management depends on the actual construction site. 
Inside cities or in dense populated areas, the reuse of the 
excavated material is a key matter. Material management also have 
economical influences. The spoil produced could really be a way 
to improve the economy of the project. Instead of treating it like 
waste with high deposit costs, it can be a residual product having a 
value. 
 

5.4 The geological influence 

Blindheim and Bruland (1998)42 made a study where they 
observed difference in performance for many tunnel projects 
undertaken in the same rock type. They conclude that the 
compressive strength in the rock with aspect of boreability is of 
minor importance when choosing between TBM and drill-and-
blast as the tunnelling method. 
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The analogue conclusion by the authors is that compressive 
strength alone is not a good determinant of the tunnelling 
method. The intact compressive strength of the rock influences 
the method indirect while the use of rock support strongly affects 
the advance rate and the TBMs have considerable higher 
performance if the reinforcement needed is low. 
 
Thuro, K.43 summarizes: ”It is clear, that neither laboratory and 
field testing alone, geology alone, nor experience alone and 
equipment design and operation expertise alone can lead to the 
point where excavatability is anything like a clearly defined 
formula.” 
 
Structural progressive failures in rock must be taken seriously. If 
the rock wall contact is reduced, the TBMs grippers cannot hold 
the machine. The drill-and-blast operation does not depend on the 
smooth wall as strictly as the TBM.  
 
Soft rock masses combined with high virgin stresses lead to large 
deformations. A TBM could never be risked to be jammed in the 
adit. To answer to that, the two TBMs used in Lötschberg had the 
ability of overbreaking by means of hydraulic gauge cutters that 
can be extended from the cutterhead. 
 
The average daily advance in the southernmost subcontract at the 
Lötschberg tunnel Raron, was 12.2 meter (data from T&TI). A 
world record was achieved (2003-09-09). 50.1 meter tunnel in one 
day. The geological conditions at the Raron subcontract consists 
of at times schistose limestone thereafter granodiorite followed by 
granite, and then gneiss. The homogeneous, hard rock formations 
and hard to very hard plutonic rock wear out equipment. The very 
hard and highly abrasive granite encountered made the boring 
process more difficult and led to delays and very high 
temperatures at the cutterhead. The delays were caused by 
extensive elapsed time changing the cutters but also from 
structural failures. The failure mechanism was overstress in the 
rock mass that led to block failures in the face. 
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Conclusion concerning geology 

The conclusions made in the field of geology still coincide with 
the early study by Stille and Nord. The TBM works very well in the 
“right” geological conditions. The span for feasible geologies is 
however constantly widening. Hard and very hard rock is possible 
to excavate but to a high cost due to wear out of equipment. 
A consideration has to be made to evaluate how much the wear 
will cost. This estimation is influenced by numerous factors, and it 
has in this thesis not been possible to determine how a rock mass 
should be properly described to give a definite answer to that 
question. Further studies about TBM performance and prediction 
models have been made at the Norwegian University of Science 
and Technology. 

5.5 The risk influence 

A major concern is the risk of delay from a Swiss point of view. 
Risk can never be eliminated, but can be made manageable by 
informative geological investigations, and also by choosing the 
right contractor according to earlier statements. 
 
Risk due to vague definitions or maybe more correctly non-
satisfying rock mass classification systems make it difficult to base 
a choice on a value from a system. The factors included in the 
rock mass classification systems themselves play a significant role, 
as for example ground water conditions. A rock mass rich in the 
abrasive mineral quartzite for example will lead to a clear wear of 
cutting equipment. This in turn would lead to a higher value in 
the Q-system. A development of the classification systems has to 
be undertaken to be able to give both the contractor and the 
owner a sufficient foundation for making a decision about 
tunnelling method. 
 
Conclusions in the risk topic 

Contractors should or must strive for predictable profit. This can 
be made if it is possible to in some extent predict unforeseen 
events. The better the pre-investigations, the better preparations 
can be made. It should never be luck that decides whether the 
infrastructure project was finished on time or not. 
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6 Discussion 
The collected data on which I base my conclusions on now have to 
be valued. 
 
The first review made, on the excavation methods are objective. 
The data originate from textbooks and manuals, and would not 
change if they where written by another author. 
 
Thereafter is the chapter where I study Stille and Nord’s paper in 
detail. It would have been possible to choose another paper from 
the same year since the maturity of the techniques was somewhat 
at the same level all over the world. The attitude towards the 
driving methods differs though. Stille and Nord’s focus lies mainly 
within the rock conditions or geological aspects as I choose to call 
it. Other studies for instance Tarkoy’s had another focus, where 
the advantage of a TBM is emphasized. 
 
Subsequently is the large theory chapter where I gather factors that 
have decisive influences of the choice of tunnelling method. The 
factors are also categorized. The result of that study yields five 
fields of particular interest to examine at the Lötschberg tunnel. 
 
The empirical material from Lötschberg is the weakest link from a 
research point of view. This material has not gone through 
academic examination in the same extent as papers from journals 
used in the theory chapter. This is the setback with the qualitative 
approach of research. 
 
Having several different sources increases the reliability. Both 
owners’ and the contractor’s opinions have been considered and 
common sense has been used reading articles with commercial 
purposes. Secondary data is always valued data one way or 
another. As a user of secondary data, one can do nothing but to 
assume that the information handed out is true. 
 
In the project studied, Skanska works in a joint venture. It would 
have been very interesting to make a study of how the board of a jv 
works, but the report would be to extensive. Ekman & Johansson 
have made a master thesis in this subject together with Skanska 
International 2001. 
 
What will happen in tunnelling in the near future if you ask me? 
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The methods will have a future together, where the TBM makes 
the main drive and the drill-and-blast operation will take care of 
those operations that the TBM cannot manage in geologies that 
allow a TBM. It is however most important that competition still 
takes place. The excavation speed will improve. The way the blasts 
were designed at Mitholz is very interesting. The philosophy was 
rather three blasts of three meters length rather than two times 
four and a half meters. This philosophy made the cycling process 
even more obvious. The Mitholz drive and the Lötschberg tunnel 
in particular have been stated “a high-tech tunnel drive”. Many 
operations have improved their efficiency. The maximum 
performance reached was 18 meters October 2002 in the 
conventional drive. The highest monthly advance was reached in 
October 2002, 342 meters. This performance speaks for itself, and 
to me it is obvious that we have to consider this, or Swedish 
companies will have problems competing on an international or 
maybe even national market. 
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Appendix 

Appendix I - Gripper TBM by Herrenknecht 

 
 
 
 
 
 
 
 
 
 
 
 
 

1. – Cutterhead 

2. – Gripper Shield 

3. – Finger Shield 

4. – Ring erector 

5. – Anchor drill 

6. – Work cage with safety roof 

7. – Wire mesh erector 

8. – Gripper plates 
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Double Shield –TBM 

 

1- Cutterhead 

2- Tension plates /jacks 

3- Supporting pads 

4- Hydraulic jacks 

5- Peripheral support shield 

Appendix II - TBM concepts for stable rock excavating 
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Appendix III - Geological profile Mitholz subcontract 
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Appendix IV - DAUB classification for excavation methods 
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