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Abstract
The city of Gothenburg is going through a big urban development of the city’s
transport infrastructure to increase the capacity and to find more sustainable ways
of travelling. Dominant in this development is the underground tunnelling project
Västlänken. The project will contribute to regional growth and expansion of the
labour market by shorter commuter times to satellite communities. The tunnels will
be constructed beneath the city of Gothenburg, trough drill-and- blast tunnelling,
in both rock and soil which involves complex challenges regarding the rock excava-
tion. These challenges are an opportunity for both the contractor and the client to
innovate and optimise the drill-and-blast tunnelling process. Furthermore, the pro-
duction efficiency and optimisation of resources play an important role in reaching
the future sustainable requirements and in preventing large cost overruns due to
poor overbreak optimisation.

The purpose of the thesis is to evaluate how the choice of rock excavation class
affects the production efficiency of the tunnelling process. This by investigating op-
portunities and challenges of optimising the overbreak in terms of cost, time and
sustainability. This to contribute to the industry’s data-driven working methods
of today. To fulfil the purpose, a qualitative research methodology was developed
together with a case study at project Korsvägen, Västlänken. To comprehensively
analyse cost, time and sustainability in the tunnelling process, three methods were
chosen. The three methods conducted are an interview study, a cost calculation, and
a climate impact estimation. The study showed that Rock Excavation Class 3, in
acceptable rock quality, generates a larger amount of overbreak compared to Rock
Excavation Class 1. Thus, Class 3 causes larger CO2 emissions. Despite this, Class
1 was found to be the most expensive choice of excavation method. This since it
disturbs the sensitive tunnelling process and thus is less production effective. Com-
pared to Rock Excavation Class 3, Class 1 may also have a larger negative influence
on social and economic sustainability. This due to the health- safety aspects and the
longer production time required, which in this large and complex tunnelling project
may affect the whole city of Gothenburg.

Keywords: Climate Impact, Drill and Blast Tunnelling, Production Efficiency,
Rock Excavation Class, Urban Development, Tunnelling process, Overbreak, In-
trusion, Rock Quality, Cost-and-Time Overruns
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Optimering av produktivitet och klimatpåverkan i komplexa tunnelprojekt
En fallstudie av hur bergschaktningsklasser påverkar mängden överberg i E05 En-
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Sammanfattning
Göteborgs stad genomgår en stor utveckling av stadens infrastruktur för att öka
kapaciteten och hitta mer hållbara sätt att resa. Tunnelprojektet Västlänken är
dominerande i utvecklingen och ska bidra till en regional tillväxt och expandera
arbetsmarknaden genom att koppla samman regionen med kortare pendlingstider.
Tunnlarna kommer att byggas under Göteborgs stad, genom metoden borr- och
sprängning, i både berg och lera, vilket innebär komplexa utmaningar vid bergutschak-
tning. Dessa utmaningar är en möjlighet för både entreprenören och beställaren att
hitta nya sätt att optimera bergschaktningsmetoderna i tunnelprocessen. Produk-
tionseffektivitet och optimering av resurser är också viktiga för att nå framtida
hållbarhetskrav och förhindra stora kostnadsöverskridanden. Dessutom spelar pro-
duktionseffektivitet och optimering av resurser en viktig roll för att nå de framtida
hållbara kraven och för att förhindra stora kostnadsöverskridanden på grund av
problem med optimering av överberg.

Syftet med examensarbetet är att utvärdera hur valet av bergschaktningsklass på-
verkar produktionseffektiviteten i tunneldrivningsprocessen. Detta genom att un-
dersöka möjligheter och utmaningar med att optimera överberg och dess påverkan
på kostnad, tid och hållbarhet samt för att bidra till dagens datadrivna arbetssätt
i branschen. För att uppfylla syftet, utvecklades en kvalitativ forskningsmetodik
tillsammans med en fallstudie. För att heltäckande analysera kostnad, tid och håll-
barhet i tunneldrivningsprocessen valdes tre metoder, en intervjustudie, kostnads-
beräkning och en klimatkalkyl. Resultaten visade att bergschaktningsklass 3, i ac-
ceptabel bergkvalité, genererar en större mängd överberg jämfört med bergschak-
tningsklass 1. Klass 3 orsakar således också större CO2-utsläpp. Trots detta var
klass 1 det dyraste valet av bergschaktningsmetod. Detta eftersom klass 1 stör den
känsliga tunneldrivningsprocessen och därmed är mindre produktionseffektiv. Jäm-
fört med bergschaktningsklass 3 kan klass 1 också ha en större negativ inverkan på
social och ekonomisk hållbarhet. Detta på grund av hälso- och säkerhetsaspekterna
samt den längre produktionstiden som krävs, vilket i detta stora och komplexa tun-
nelprojekt kan komma att påverka hela Göteborgs stad.

Nyckelord: Klimatpåverkan, Borr- och Spräng-metod, Produktionseffektivitet, Berg-
schaktningsklass, Stadsutveckling, Tunneldrivningsprocess, Överberg, Intrång, Bergk-
valité, Kostnads- och Tids-överskridanden
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1 | Introduction

This chapter introduces the challenges of performing tunnelling in urban dense areas
and its association to rock excavation and sustainability, which forms the basis for
the purpose of this thesis. First, this chapter presents a background to the research
topic and further the problem formulation is presented. Then, the purpose of this
thesis is introduced with the associated research questions. Lastly, the limitations
and the structure of the thesis are presented.

1.1 Background
Ever since Brundlandts Report was published in 1987, sustainability concerns have
been an alarming topic on agendas world-wide. In 2015, the United Nations imple-
mented the “Agenda 2030 for Sustainability and Sustainable development” including
the 17 Sustainable Development Goals (United Nations, n.d.). Following the concept
of sustainability by its three perspectives, economic, environmental, and social, have
been established in companies of every industry all over the world (Pero, Moretto,
Bottani, & Bigliardi, 2017). Therefore, sustainability is today a crucial issue to con-
sider. Hence, every company needs to participate in reaching sustainable change and
drive the sustainable development forward (Pero et al., 2017).

It is well known that the construction industry has an major impact on our en-
vironment, influencing all three perspectives of sustainability (Ofori, 2000; Pero et
al., 2017). This since the construction industry creates infrastructure, roads, rail-
way, facilities, job opportunities, integrate communities, and thus contributes to the
global economy. In Sweden, the construction industry is of great importance for the
entire Swedish economy and contributes to the development and growth with an
annual revenue of 1,100 BSEK and around 550,000 employees at the year of 2018
(Fossilfritt Sverige, 2018). At the same time, the construction industry is one of the
largest users of natural resources, one of the biggest contributors to CO2 emissions,
and stands for one third of the total energy usage in Europe (Pero et al., 2017).
Accordingly, the construction industry in Sweden stands for approximately 20% of
the total Swedish climate impact due to the manufacture of materials, transports as
well as energy usage in the construction phase. (Fossilfritt Sverige, 2018).

There is a big challenge to combine the requirement for urban development with the
need for new sustainable solutions and the increased demand for public transporta-
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1. Introduction

tion in cities (Fossilfritt Sverige, 2018). Today, the demand for construction works
have increase to a level that have not been seen in Sweden since 1970 (Naturvårdsverket,
n.d.-b). To meet this demand there is an accelerating need for capacity in cities re-
garding their road and railway systems. Accordingly, tunnelling is often the most
suitable solution to meet the capacity demands in cities since the space for new
road and railway systems above ground is limited (Broere, 2016; Olofsson, 2017).
Similar to this, the city of Gothenburg is going through a big urban development
of the city’s transport infrastructure. Prior to this development has the railway sys-
tem of Gothenburg reached its maximum capacity (Sweden Underground, n.d.-b).
Project Västlänken, with the direct translation The West Link, is the dominant de-
velopment in increasing the capacity and find more sustainable ways of travelling.
Project Västlänken consists of a railway constructed beneath the city of Gothenburg
with three new underground stations at Gothenburg Central Station, Haga, and Ko-
rsvägen (Sweden Underground, n.d.-b; Swedish Transport Administration, 2021c).
An map of the project Västlänken is shown in Figure 1.1.

Figure 1.1: Map of the project Västlänken. Conducted from the project.

Underground tunnelling generates big risks and many challenges for all involved par-
ties as well as affected third parties (Eskesen, Tengborg, Kampmann, & Holst Ve-
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1. Introduction

icherts, 2004). Accordingly, the project Västlänken involves many challenges regard-
ing the rock excavation. This since the tunnels will be constructed in both rock and
soil underneath the city. Moreover, rock excavation could be performed by different
methods and the contractor decides which of the methods that is the best suitable.
This with respect to the Swedish Transport Administrations restrictions on the sur-
rounding areas (Swedish Transport Administration, 2021a). Since, the surrounding
dense urban area is sensitive to noise, vibrations, working hours, deformations and
impact on ground water levels, the method used is a traditional drilling- and blasting
technique (Swedish Transport Administration, 2021b). The method consists of a tun-
nelling process which may be divided in three main phases: Pre-grouting, Blasting
Cycle, and Reinforcement. These three phases consist of different activities which
are repeated to move the tunnelling forward (Swedish Transport Administration,
2020b). This process can be practised differently depending on different techniques
and requirements which in this study will be referred to as rock excavation classes.

Moreover, the tunnelling process takes time and is costly for both the contractor
as well as the client, and involves risks for unforeseen outcomes. This means that a
need for accurate and thoroughly planning and investigations beforehand are of high
importance to succeed with complex tunnelling project and minimise the risk for
additional costs. Furthermore, the production efficiency, meaning the optimisation
of resources, also play an important role in both reaching the future sustainable
requirements but also in preventing large cost overruns (Flyvbjerg, 2014; Fossilfritt
Sverige, 2018).

1.2 Problem Formulation
It is both in the client’s and the contractor’s interest to account for the consequences
and impact of cost and time when performing rock excavation in tunnelling. This
due to the big risks arising in complex tunnelling projects, where the contractor has
a limited budget and strict time frames which are sensitive to disturbances. At the
same time, the contractor desire to deliver according to the clients demands with
high quality. Furthermore, the client also faces big risk with tunnelling projects due
to the high amount of uncertainties and complexity in underground works which
often leads to cost overruns.

The challenges with rock excavation in dense urban areas can be used as an oppor-
tunity for both the contractor and the client. An opportunity to find new ways to
optimise the tunnelling process, the rock excavation method, and thereby lower the
costs and become more sustainable. Accordingly, an interest is emerging to investi-
gate the possibilities of optimising the amount of overbreak in the tunnelling process
for infrastructure projects. This to obtain an overall higher production efficiency and
a better final quality of the tunnel profile. It is a balancing act for the contractor to
be able to optimise the overbreak without increasing the risk for failure in production
efficiency. Therefore, the relationship between overbreak and intrusion is important
to follow up and its effect on the tunnelling process. At the same time, it is im-
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portant to consider the need for contractors to take greater responsibility for their
climate impact caused by their operations. This since cost, time, and sustainability
are key aspects for the construction industry’s future development.

1.3 Purpose
The purpose of the thesis is to evaluate how the choice of rock excavation methods
affects the production efficiency of the tunnelling process. This will be performed
with focus on cost, time and sustainability in complex drill-and-blast tunnelling
infrastructure projects located in dense urban areas. The thesis will identify how
the choice of rock excavation class affect the production efficiency of a tunnelling
project. This will be performed through analysing the opportunities and challenges
of focusing on optimising the overbreak and how the rock excavation classes affect
the cost, time and sustainability.

1.3.1 Research Questions
To fulfil and support the purpose of this thesis, three research questions were estab-
lished:

RQ1: How does the choice of rock excavation class affect the outcome of overbreak
when performing rock excavation in contract Korsvägen?

RQ2: How does the two studied rock excavation classes affect the outcome of cost
and sustainability when performing rock excavation in contract Korsvägen?

RQ3: What are the risks with regard to cost and sustainability for the two studied
rock excavation classes when performing rock excavation in contract Korsvägen?

1.4 Delimitation
This study includes a case study of four tunnels in the E05 contract Korsvägen,
project Västlänken. Based on the studied four tunnels,a reference case is determined
to compare and analyse the differences in cost, time and sustainability between the
two studied rock excavation classes. Therefore, all data used is collected from the
project and based on experience existing in the industry. However, the numbers pre-
sented in the results are modified by the authors in consultation with the contractor
to respect company secrecy. Hence, the numbers shall not be viewed as explicit but
instead as an indication of the differences. Furthermore, a motivation for the case
chosen and the development of the reference case can be found in Section 4.4.

This thesis is performed through a Swedish requirements of the tunnelling process
and does not consider the directives or operations of tunnelling projects in other
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countries. The thesis also involves a perspective of performing rock excavation in a
tunnelling project located in Swedish dense urban areas. Moreover, the phases in the
tunnelling process that are focus of this study is the Blasting Cycle and Reinforce-
ment, with exception of the activity ventilation. Further, groundwater conditions
and groundwater leakage will not be included in this study. The definition for sus-
tainability considered in this thesis is as described in Brundlandts Report “meeting
the needs of the present without compromising the ability of future generations to
meet their own needs” (Commission on Environment, 1987, p. 41). Additionally, it
important to highlight that ’Sustainability’ is a complex topic which is hard to fully
cover, where the impacts of the two rock excavation classes have been the main focus
in this thesis.

1.5 Structure of the Thesis
The thesis is based on eight chapters and is structured as stated below:

• Chapter 1 - ’Introduction’, presents the background to the subject of this thesis,
the problem formulation, and the purpose followed by research questions and
delimitation.

• Chapter 2 - ’Frame of reference’, provides the relevant literature regarding
tunnelling and the management of cost, time, risks, and sustainability.

• Chapter 3 - ’E05 Contract Korsvägen’, describes more specific information
about the project and provides a background to the case study.

• Chapter 4 - ’Methodology’, describes the research approach and method used
to perform the thesis. The chapter also compose the ethical considerations and
reflections about validation.

• Chapter 5 - ’Results Case Study’, provides the results conducted from the case
study.

• Chapter 6 - ’Results Interview Study’, provides the results conducted from the
interview study.

• Chapter 7 - ’Analysis’, examine and analyse the findings from the case study,
interview study, and with the support from the frame of reference.

• Chapter 8 - ’Conclusion’, answers the research questions and purpose of the
thesis, followed by recommendations and suggestions for future research.
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This chapter presents the existing theory related to drill-and-blast tunnelling in
complex infrastructure projects. First, the chapter present the tunnelling process
and its involved phases and activities. Then, the theory of tunnel profile blasting is
explained with a description of the rock excavation classes. Moreover, the concepts
of cost, time, and risks in tunnelling are presented. Lastly, the environmental man-
agement in tunnelling projects is introduced with an elaboration of the Life Cycle
Assessment and the Climate Impact Estimation.

2.1 Drill-and-Blast Tunnelling
Drill-and-blast is the most common way of tunnelling in Sweden and is both flexible
and cost-effective (Maidl, Thewes, & Maidl, 2013). To construct a tunnel through
drill-and-blast is in this thesis referred to as ’tunnelling’. Tunnelling is performed
in cycles, i.e the tunnelling process, which is divided in three main phases: Pre-
Grouting, Blasting Cycle and Reinforcement. These three phases consists of different
activities repetitively performed to move the tunnelling forward. Accordingly, the
tunnel is driven forward by repeating these steps (Swedish Transport Administra-
tion, 2020b). The three phases in the tunnelling process are illustrated in Figure 2.1.
The steps and activities involved in each phase are further described in this section.
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2. Frame of Reference

Figure 2.1: Illustration of the tunnelling process. The phases that are the focus of
this study are marked in grey. Source: Created by the authors.

2.1.1 Rock Quality & the Q-value
Prior to the start of the tunnelling process, engineering geological mapping is per-
formed by the client, which can be explained as a soil mechanic investigation to
forecast the rock quality and its weakness zones in the given project area (Lindfors
et al., 2019). Strand and Lexén (2016) explains that a weakness zone is a zone in
the rock with lower rock quality, involving areas with crushed rock or high amount
of fractures. Weakness zones have a big impact on the strength of the rock, the out-
come of overbreak and the required reinforcement (Strand & Lexén, 2016). Hence, it
is important that the client has identified these weakness zones before the projects
starts to reduce the number of uncertainties. Nevertheless, it is important to high-
light that both the determination of the rock quality and the weakness zones, does
not provide full information about the actual rock quality. Instead they are used
to complement the mapping of the reasonably conditions for the project before the
tendering process. Therefore, engineering geological mappings are done repeatedly
during the ongoing project, to determine the actual rock quality after each blasting.
This information is then used to decide the required pre-grouting- and reinforcement
classes (Strand & Lexén, 2016).

According to Lindfors et al. (2019) there exists several international systems to de-
scribe, map and categorise the geological conditions of the rock and thereby classify
the quality of the rock mass in the engineering geological mapping. The Swedish
Transport Administration recommend three of these systems to be used in their
projects, these systems are: Rock Mass Rating (RMR), The Quality Index system
(Q-system), and the Geological Strength Index (GSI) (Lindfors et al., 2019; Strand
& Lexén, 2016). In the contract Korsvägen, the Q-system is mainly used in the engi-
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neering geological mapping. The Q-system provides a Q-value which indicates on the
stability of the surrounding rock mass where an underground opening has been per-
formed (NGI, 2015). The Q-system is arranged by different parameters measuring
the rocks fractures, the solidity and the block size, which together forms the Q-value
(Lindfors et al., 2019). The Q-system can be used with or without taking external
factors into account. Taking the external parameters into account is referred to as Q,
while not taking external parameters into account is referred to as Qbas (Lindfors et
al., 2019). Accordingly, the Q-system together with an investigation of the weakness
zones provides a good connection between the engineering geological mapping and
the follow-ups during the tunnelling process (Strand & Lexén, 2016).

2.1.2 Tunnelling process
Pre-grouting is not the main focus of this thesis, which is why only a generalised
explanation is provided. Pre-grouting is the first phase in the tunnelling process
and involves activities to reduce the intrusion of groundwater and seal the tunnel
(Strømsvik & Gammelsæter, 2020). The activities in pre-grouting are determined by
the local geological- and hydro-geological conditions of the rock (Andersson & Sell-
ner, 2000). Detailed knowledge of the rock conditions is gained by the engineering
geological mapping. As mentioned, based on this knowledge, the client sets demands
on which pre-grouting class to use, in order to obtain a successful grouting result in
the project. Accordingly, pre-grouting depends on several uncertain factors and is
therefore unique to each tunnel section and the local rock conditions (Andersson &
Sellner, 2000). Pre-grouting involves drilling several 20-25 meters long grout holes
that are filled with cement mass or a similar liquid with a solidifying effect to seal
the rock’s fractures, and is illustrated in Figure 2.2 (Andersson & Sellner, 2000;
Strømsvik & Gammelsæter, 2020).

Figure 2.2: Illustration of the first phase in the tunnelling process, pre-grounting.
Source: Copyright 2015 by Tomas Öhrling with permission.

The second phase in the tunnelling process is the Blasting Cycle, which is also
performed in several repetitive steps (Sweden Underground, n.d.-a). Figure 2.3 il-
lustrates the basic theory of the blasting cycle and the activities involved.
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Figure 2.3: Illustration of the Blasting Cycle. The activity steps that in this study
are in a special focus are marked in gray. Source: Created by the authors.

The first step in the Blasting Cycle is Drilling, which includes the activity of drilling
several holes, with different requirements, into the rock in order to control the blast-
ing. The drilled holes are drilled in a pre-calculated pattern and filled with explosive
materials (Olofsson, 2017). It is crucial that the drilling holes are done with precision
and in the right angle since they are vital for the final rock excavation quality. The
drilling holes close to the tunnel profile are called contour-holes, and needs to be
drilled in a look-out angle from the theoretical tunnel profile to make space for the
drilling rig. Therefore, the drilling is regulated through a drilling plan which is cru-
cial for the final quality of the blasting (Olofsson, 2017). This since a bad performed
drilling has a direct effect on the final blasting result, the tunnel profile quality, and
effects the fracturing and weakness zone of the surrounding rock area (Karlzén &
Johansson, 2011). Olofsson (2017) explains that tunnel blasting is more fixed than
above-ground blasting, as it is performed against only one free surface. Thus, the
other available surfaces when blasting in tunnels, are created by the drilling holes,
which the rock can deform towards (Olofsson, 2017). Accordingly, the drilled holes
develop space for the rock mass to fall into after blasting. This created space becomes
available since the blasting occurs in intervals (Swedish Transport Administration,
2020b). The drilling is illustrated in Figure 2.4.
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Figure 2.4: Illustration of the first step in the Blasting Cycle - Drilling. Source:
Copyright 2015 by Tomas Öhrling with permission.

The second activity in the Blasting Cycle is Charging (Sweden Underground, n.d.-a).
Charging implies the step of charging the drilling holes with explosives and has a
big impact on the final result of the tunnel profile. The amount and choice of ex-
plosives varies depending on the desired strength of the blasting, the rock quality
and the chosen rock excavation class (Olofsson, 2017). This since the power of the
explosives affect the amount of overbreak, fracture and weakness zones of the sur-
rounding rock area. The charging of the drilled holes are connected together in a
charging-scheme in order for the detonation to occur in the right blast-interval. This
is regulated through a charging plan to control, visualize, and plan the process of
the rock blasting depending on the surroundings (Olofsson, 2017; Swedish Transport
Administration, 2020b). There exist many different kinds of explosives and detona-
tion systems. Performing tunnelling in urban areas, require a smoother and more
gentle blasting in order to not harm the surroundings. The charging is illustrated in
Figure 2.5.

Figure 2.5: Illustration of the second activity in the Blasting Cycle - Charging.
Source: Copyright 2015 by Tomas Öhrling with permission.
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The third step in the Blasting Cycle is the Blasting (Sweden Underground, n.d.-a).
The purpose of blasting is to remove the volume of rock. The blasting is illustrated
in Figure 2.6. The gases created by the blast must be ventilated out of the tunnel in
order to continue the blasting cycle, which is the fourth step in the blasting cycle.

Figure 2.6: Illustration of the third activity in the Blasting Cycle - Blasting. Source:
Copyright 2015 by Tomas Öhrling with permission.

The fifth step is Mucking, which involves the removal of the rock mass (Sweden
Underground, n.d.-a). This is transported from the tunnel and is usually reused
as material in other parts of the project, or in other projects within the region.
Otherwise, the rock mass is transported to a crush-center (Swedish Transport Ad-
ministration, 2020b). The mucking is illustrated in Figure 2.7.

Figure 2.7: Illustration of the fifth activity in the Blasting Cycle -Mucking, removal
of rock mass. Source: Copyright 2015 by Tomas Öhrling with permission.

The sixth step is Scaling (Sweden Underground, n.d.-a). This involves removing all
the loose rock, from both the tunnel’s roof and walls, that may remain from the
blasting. The purpose of this step is to secure the tunnel from falling rocks and
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dust. This is done first with a mechanized scaling machine and after that, if needed,
the final scaling is done manually (Swedish Transport Administration, 2020b). The
scaling is illustrated in Figure 2.8.

Figure 2.8: Illustration of the sixth step in the Blasting Cycle- Scaling, removal of
loose rock. Source: Copyright 2015 by Tomas Öhrling with permission.

The third phase of the Tunnelling Process is the Reinforcement (Sweden Under-
ground, n.d.-a). This method involves bolting and shot-concrete lining and is done
to seal the rock, make the tunnel secure, and maintain a dry environment. Shot-
concrete is often referred to as shotcrete which will be used henceforth. The extent
of the reinforcement is divided in reinforcement classes that determine the number
of bolts and the thickness of the shotcrete lining depending on both the extent of the
blasting and the rock quality. The the shotcrete is applied with a machine and the
bolting is performed manually by the workers (Swedish Transport Administration,
2020b). The reinforcement is illustrated in Figure 2.9.

Figure 2.9: Illustration of the third phase in the tunnelling process, Reinforcement.
Source: Copyright 2015 by Tomas Öhrling with permission.
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The three phases in the tunnelling process and their involved activities are summa-
rized in the Table 2.1.

Table 2.1: The phases and activities involved in the tunnelling process

Phases Activities
Phase 1: Pre-grouting

1. Drilling
2. Grouting

Phase 2: Blasting cycle
4. Drilling
5. Charging
6. Blasting
7. Ventilation
8. Mucking
9. Scaling

Phase 3: Reinforcement
10. Shotcrete
11. Bolting

2.2 Tunnel Profile Blasting
Overbreak is defined as the amount of rock excavated outside the theoretical tun-
nel profile after blasting (Foderà, Voza, Barovero, Tinti, & Boldini, 2020; Jang &
Topal, 2013; Olofsson, 2017). An illustration of overbreak can be seen in Figure
2.10. Foderà et al. (2020) explains that overbreak can be divided in two main parts;
geological overbreak, generated by geological conditions of the rock, and technical
overbreak which is generated by tunnelling, e.g, drill-and-blast tunnelling. Jang and
Topal (2013) enhance this by arguing that overbreak, to some extent, always occur
when performing tunnelling, since the causing factors are both geological and from
blasting techniques. Thus, the overbreak can be controlled by adapting the blasting
technique based on the rocks conditions (Foderà et al., 2020; Jang & Topal, 2013).
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Figure 2.10: Illustration of overbreak in relation to the theoretical tunnel area.
Source: Created by the authors.

It is important to keep track on the amount of overbreak since the increase in tun-
nel volume need to be calculated (Karlzén & Johansson, 2011). This because the
contractor only gets paid for the theoretical amount of excavated rock meaning that
amount of overbreak is a direct loss in profit for the contractor. It is also important
to keep track on the amount of overbreak since additional blasted rock mass need
to be reinforced by shotcrete and bolts to both keep the desirable theoretical tunnel
profile and to support the surrounding rock (Olofsson, 2017).

Over the years there have been many studies with the aim to find the most preferable
blasting techniques of the tunnel profile to control the amount of overbreak (Jang
& Topal, 2013; Olofsson, 2017). Smooth blasting was developed in Sweden during
the fifties and is today the most common blasting technique used to control the
amount of overbreak (Olofsson, 2017). Smooth blasting involves blasting the tunnel
profile together with the whole tunnel face in the blasting round (Bergutbildarna,
2012; Jang & Topal, 2013; Olofsson, 2017). However, even if this technique exist on
today’s market, it is still challenging to control overbreak. This since the damage
created from the blasting is dependent on many discontinuous factors, i.e the rock’s
quality, conditions, damage zones, and zone of weakness in the rock (Bergutbildarna,
2012; Jang & Topal, 2013). Olofsson (2017) argues that the drilling and charging
of the contour holes affects the amount of overbreak which in turn is affected by
the quality of the surrounding rock. Therefore, the main goal in order to control the
amount of overbreak is to minimize the tensions, zones of weakness, and the damage
zones outside of the theoretical tunnel profile. This by balance the charging and op-
timize the drilling of both the contour holes and the holes close to them (Olofsson,
2017).
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Consequently, when controlling and optimising the overbreak, with lower amount of
explosives and more narrow drilling and blasting rounds, the opposite of overbreak
may occur, called intrusion. Intrusion is defined as the amount of rock mass still
remaining inside of the theoretical tunnel profile after the blasting round (Foderà et
al., 2020; Olofsson, 2017). An illustration of intrusion can be seen in Figure 2.11. By
keeping track on the amount of intrusion the proportion of the decrease in tunnel
profile can be calculated (Karlzén & Johansson, 2011). Foderà et al. (2020) further
argues that overbreak occurs more frequently than intrusion. This since intrusion
needs to be either scaled or blasted additionally in order to keep the desirable tunnel
profile outcome (Foderà et al., 2020).

Figure 2.11: Illustration of intrusion in relation to the theoretical tunnel area and
overbreak. Created by the authors.

The regulations of overbreak and intrusion, the amount of explosives and distance
in drilling of the contour-holes are prescribed in the technical specifications applied
in the contract, where the rock excavation is required to be performed according
to the ’Allmän Material och Arbetsbeskrivning’, called AMA, directly translated to
General Material- and Work-Specifications (Swedish Building Centre, 2020). AMA
is a reference system that lay the basis for the technical specifications in the in-
dustry, which describes execution, material requirements and work specification for
civil engineering works. AMA is updated every third year and provides a standard
framework generating a safer and more consistent quality in the construction process
(Swedish Transport Administration, 2020a; Swedish Building Centre, 2020). Thus,
the client sets the requirements for the contractor in the tendering process regarding
which obligation of AMA they should follow.
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2.2.1 Rock Excavation Classes
This subsection is mainly based on Swedish Building Centre (2020) which, as pre-
viously described, is a well-proven technical specification, specified for the Swedish
market for procurement and execution of civil engineering, construction and instal-
lation works.

As mentioned, the requirements on the tunnel profile blasting are normally regulated
by the client through the technical specifications of the project, which in turn, are
governed by the requirements set in AMA (Bergutbildarna, 2012; Swedish Building
Centre, 2020). In AMA, the general requirements of drilling and blasting the tunnel
profile can be found in chapter CBC.6/1 ’Rock Excavation in Tunnelling’ and are
regulated through the rock excavation class system. The rock excavation class sys-
tem regulate the maximum allowed mean distance between the theoretical tunnel
profile, ordered by the client, and the actual excavated profile, performed by the
contractor. Meaning that AMA regulates the maximum allowed distance between
c and d, making the precision and angle of drilling the contour holes crucial in or-
der to meet the requirements. This regulation is illustrated in Figure 2.12 (Swedish
Building Centre, 2020).

Figure 2.12: Illustration of the allowed mean distance between the excavated rock
and the theoretical rock at start of blasting cycle (c) and allowed mean distance be-
tween the excavated rock and the theoretical rock at end of blasting cycle (d). Source:
Created by the authors with inspiration from Swedish Building Centre (2020).

Furthermore, the rock excavation classes regulate the maximum allowed distance
between the drilled holes, allowed amount of explosives and maximum allowed dam-
age zones. Accordingly, the rock excavation classes will determine and regulate the
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drilling and charging of the contour holes since changing the distance between the
drilling contour-holes and amount of explosives will affect the outcome of the blast-
ing. This may increase or decrease the strength of the blasting and thus the size of
the damage zones (Olofsson, 2017). The total rock excavation classification scheme
can be seen in Table 2.2.

Table 2.2: Rock Excavation Classes according to AMA Anläggning -20 regulations.

Class Allowed
deviation
excavated
rock

Allowed
charging
emulsion

Allowed
distance
drilling
holes

Damage
zone

1 0.25 m 0.1-0.2 kg/m 0.3 m 0.2 m
2 0.3 m 0.2-0.3 kg/m 0.6 m 0.3 m
3 0.35 m 0.3-0.4 kg/m 0.6 m 0.5 m

The rock excavation class system is developed and based on many practical tests
done with explosives and how the explosives affect the surrounding remaining rock
and the damage zones. These testings have generated knowledge on how the differ-
ent explosives react depending on the diameters on the drilling hole and the rock
quality. Accordingly, the regulations of allowed damage zones provided in AMA are
based on this extensive testing of explosives (Bergutbildarna, 2012). The damage
zones are characterised by considerable changes in the remaining rock’s conditions
due to an adjacent blasting. These changes have an influence on the remaining rock’s
geological, hydro-geological, chemical and thermal conditions and will in turn have
an impact on the later reinforcement requirements of the rock (Kim et al., 2013).
The extent of the damage zone is dependent on several parameters, such as the
in-situ stress conditions in the rock, and the ratio between the amount of explosives
and the diameter of the drilling hole (Bergutbildarna, 2012; Kim et al., 2013).

2.2.2 Explosives
This subsection is mainly based on Olofsson (2017) and Bergutbildarna (2012) which
is considered as standard handbooks in the construction industry for blasting works.

Over the years, explosives has been developed and modified in order to be suitable
for different purposes of blasting as well as different work environments (Olofsson,
2017). In the middle of 1860, Alfred Nobel invented the dynamite explosive when
he experimented with nitroglycerin. This was a big revolution for the usage of ex-
plosives, since the dynamite was seen as more secure to use and to transport. In
1860 the dynamite explosive was invented which was a more secure nitroglycerin
explosive to handle and transport In the 1950, a even safer version of nitroglyc-
erin was invented, called Gurit. Gurit is based on nitroglycerin powder enclosed
in rigid plastic pipes with small pipe diameters. The plastic pipes provides a well
balanced charge in the drilling holes and reduces the risk for overcharging resulting
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in e.g overbreak. Accordingly, Gurit is commonly used for more gentle blasting in
drilled holes with smaller diameter. Nevertheless, the big step in the development of
explosives came during the 1960s when nitroglycerin was replaced with ammonium
nitrate and fuel oil, called ANFO. ANFO is a very powerful explosive and is sensitive
to water which makes it difficult to handle below ground level. Therefore, a more
gentle explosive was discovered in the middle of 1970, called emulsion. Emulsion is
also ammonium nitrate based but are mixed with oil and wax. Thus, emulsion is
not water sensitive. The emulsion is sensitized after the charging, making it easy
to transport and handle on site. Today, one type of emulsion called bulk emulsion
dominate the Swedish market of explosives (Bergutbildarna, 2012; Olofsson, 2017).
The comparison between different explosives and their damage zones and diameter
of drilling holes are shown in Figure 2.13.

ANFO 45 mm

Gurit 17 mm

Emulsion 22 mm
Dynamite 25 mm

Figure 2.13: Shows the damage zone created by the different charging of explosives
in the respective drilling hole diameters. Created with inspiration from Olofsson
(2017).

For tunnelling, the most common explosives used are Bulk Emulsion and Gurit.
Gurit is mainly used in the contour holes for Rock Excavation Class 1. This due to
the strict regulations in AMA regarding the damage zone and amount of charging
(Swedish Building Centre, 2020). For Rock Excavation Class 3, Bulk Emulsion is
commonly used in the contour holes. This since Bulk Emulsion creates a damage zone
smaller than ANFO, but larger than Gurit, and has the advantages that it enables
a good water resistance and is relatively cheap. Bulk Emulsion is also within the
regulations of AMA regarding the amount of charging and damage zone for Rock
Excavation Class 3 (Bergutbildarna, 2012; Olofsson, 2017).

2.3 Cost, Time and Risk Management in Tun-
nelling

Cost-overruns are common in large complex infrastructure projects. According to
Bruzelius, Flyvbjerg, and Rothengatter (1998), and Flyvbjerg (2014), nine out of
ten projects experience cost-overruns. Flyvbjerg (2014) argues that cost-overruns of
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50 to 100% of the initial budget are common and over 100% are not uncommon.
Overall, cost and time evaluations in complex projects are crucial since cost and
time are interrelated. In general, the main reason behind cost overruns, in complex
projects, is the time frame of the project, where big delays are generated (Bruzelius
et al., 1998). Comparatively, Paraskevopoulou and Boutsis (2020) argues that the
tendering price and the size of the project can be used as a tool to determine the
projects complexity.

According to Paraskevopoulou and Boutsis (2020) tunnelling projects differ from
other infrastructure projects. For tunnelling projects the complexity is often caused
by the rock excavation, which entails uncertain geology conditions, tunnel face col-
lapses, water intrusion and machine breakdown. These disturbances can cause major
problems for all the involved parties (Eskesen et al., 2004; Isaksson & Stille, 2005;
Paraskevopoulou & Boutsis, 2020). Paraskevopoulou and Boutsis (2020) also indi-
cate the importance of a thoroughly performed engineering geological mapping prior
to the start of the tunnelling process, to determine the budget of tunnelling projects.
This since the geological conditions are the biggest challenge in tunnelling and the
major factor for cost overruns. Further, this implies that tunnelling projects rarely
keep their initial budget requirements, but instead often leads to cost overruns,
similar to the most complex infrastructures project (Eskesen et al., 2004; Isaksson
& Stille, 2005; Paraskevopoulou & Boutsis, 2020). The tunnelling process is also
sensitive to disturbances due to the procedure of activities. If one activity causes
standstill, the rest of the cycle will also be affected. Accordingly, risks, uncertainties
and unforeseen events can affect the tunnelling pace and consequently lead to cost
and time overruns, and thereby affect the final cost of the project (Paraskevopoulou
& Boutsis, 2020). Hence, it is of high importance to evaluate the risk factors included
in the tunnelling process (Isaksson & Stille, 2005).

2.3.1 Cost Management
Both contractors and clients in large infrastructure projects wants to reduce the
costs and estimate the right price beforehand to avoid cost and time overruns (Kim,
2017). One effective management accounting method used in the construction in-
dustry to calculate the cost is Activity Based Costing, ABC. ABC is an accounting
method used to identify the costs involved in each particular activity. This since
resources (e.g number of employees) are assigned to different activities (e.g, drilling)
and every activity has cost objects (e.g, the number of drilling holes) (Kim, 2017).
Accordingly, the ABC method can be an effective tool to evaluate the total cost for
each activity in a construction project. This since ABC links the cost drivers (the
causes) with changes in costs (the effects). This provides information that the cost
is driven by other factors than just the volume of units produced. Thus, resources
creates activities and both resources and activities can be integrated in the cost
calculation with direct and indirect costs. In order to perform an ABC calculation,
both the direct and indirect costs need to be considered (Kim, 2017).

The direct cost involves direct labour, material, and equipment along with other.
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These costs are linked to the construction workers and machines efficiency (Lindén &
Josephson, 2013). This since construction workers are hourly paid and the monthly
rent of the machines can be recalculated to a cost for their efficiency rate of oper-
ating. The indirect costs involves rent, employees, site offices, and administration,
among others (Kim, 2017). These costs are not directly linked to productivity but
are costs that needs to be paid whether the tunnelling process is proceeding or stand-
ing still (Lindén & Josephson, 2013). Hence, to be able to evaluate the total costs of
rock excavation correctly, the whole tunnelling process’ activities, with direct and
indirect costs, need to be considered (Olofsson, 2017).

As previously mentioned, the tunnelling process activities are always affected by the
prior working steps. Meaning that if the costs for an activity are minimized, the risk
increases for additional costs in the tunnelling process’s following activities(Karlzén
& Johansson, 2011; Olofsson, 2017). This may in the end cause a higher total cost.
According to Olofsson (2017) the activities blasting and reinforcement are the ac-
tivities that affects the costs of the blasting cycle the most. One aspect that is of
extra interest, when calculating the costs in tunnelling, is the amount of overbreak
(Olofsson, 2017). This since a high amount of overbreak generates even more blasted
rock that needs to be handled and transported. This, gives rise to additional costs
since overbreak is an instantly loss of profit for the contractor. Another reason why
high amounts of overbreak increases the costs even further, is the need to replace this
with more shotcrete than expected (Foderà et al., 2020; Karlzén & Johansson, 2011;
Olofsson, 2017). To lower these costs and the time needed, the activities drilling
and blasting are crucial. Conversely, this results in higher drilling and blasting costs
to gain more control over the performance and results of subsequent activities. In
addition to those costs are extra scaling, mucking, and reinforcement needed. These
are also subjects for costs that increases together with high amount of overbreak
(Olofsson, 2017). Thus, the amount of overbreak and the costs for the following
steps are interrelated (Karlzén & Johansson, 2011; Olofsson, 2017).

2.3.2 Time Management
As previously mentioned, cost and time overruns are associated with large infras-
tructure projects and are common in tunnelling projects due to their complexity
(Eskesen et al., 2004; Isaksson & Stille, 2005; Paraskevopoulou & Boutsis, 2020).
Moreover, Isaksson and Stille (2005) explains that the tunnelling process is sensitive
to time overruns since every meter in the tunnel need to be excavated in sequences
to move forward. Therefore, to be able to estimate the time for the tunnelling pro-
cess it is important to evaluate the time needed for each activity in the tunnelling
process (Maidl et al., 2013).

Project Management Institute (2017) points out that the fundamentals in construc-
tion projects are to have the right resources at the right place and in the right time.
Thus, it is important to consider the resources needed for each activity and how
they are distributed in the tunnelling process to meet the desirable goals (Karlzén
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& Johansson, 2011; Maidl et al., 2013; Project Management Institute, 2017). Fur-
ther, Project Management Institute (2017) define project resource management as
“Project Resource Management includes the processes to identify, acquire, and man-
age the resources needed for the successful completion of the project.” (p. 310). Ac-
cordingly, to be able to stay within the given time frame, budget, and to moderate
risks is vital in order to have good logistics planning of resources and use the full
capacity of the available resources (Sullivan, Barthorpe, & Robbins, 2010). Hence,
failing in both managing the resources and to distribute them in an efficient way, is
a risk and can affect the final budget, project planning, quality and may also affect
customer satisfaction (Project Management Institute, 2017).

2.3.3 Risk Management
Project Management Institute (2017) highlights the importance of risk management
in projects in order to analyse, identify and handle the possible risks. The author
continues with “All projects are risky since they are unique undertakings with varying
degrees of complexity that aim to deliver benefits” (p. 390). Thus, tunnelling projects
involves many risks that affect and can cause major problems for all parties due to
the tunnelling’s complexity (Isaksson & Stille, 2005; Eskesen et al., 2004; SveBeFo,
1999). Accordingly, it is of high importance to evaluate the risk factors included in
the tunnelling project (Isaksson & Stille, 2005).

The possible risks in construction projects are many but the major risks involved
in tunnelling projects are contractual conflicts, interference of authorities, interfer-
ence of third part, accidents, unforeseen geological conditions, failure in machinery,
design errors, environmental accidents, economical loss, and delay (Eskesen et al.,
2004). These risk factors and disturbances are mainly due to geological, economical,
organizational and technological conditions (Isaksson & Stille, 2005; SveBeFo, 1999).
Furthermore, SveBeFo (1999) explains that another risk may be a combination of
the geological conditions and human factors caused by insufficient communication
or lack of knowledge when making decisions. Accordingly, the connections between
risks are in themselves complex and therefore it is highly important for the organ-
isation to consider all possible risk in tunnelling projects (SveBeFo, 1999; Project
Management Institute, 2017).

If you narrow it down even further, Karlzén and Johansson (2011) highlights the
risks involved in the blasting cycle and explains that there are risks in controlling and
keeping a high quality when performing rock excavation. This since the contractor
aim to minimise the amount of overbreak because overbreak generates a high cost
for the contractor as earlier mentioned (Karlzén & Johansson, 2011). The overbreak
can be minimised by optimising the angle in drilling, i.e distance between d and c, as
previously explained in Section 2.2.1 (Karlzén & Johansson, 2011; Olofsson, 2017).
However, the consequence of optimising the angle in drilling are that the risk of
intrusion increases (Karlzén & Johansson, 2011; Olofsson, 2017). When, the tunnel
becomes narrower after each blasting round, this leads to difficulties in maintaining
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a good quality in the drilling of each hole with the drilling rig. This since the space
becomes limited to be able to position the drilling rig in a good angle (Karlzén
& Johansson, 2011). Moreover, Karlzén and Johansson (2011) and Olofsson (2017)
both explains that by having control of the drilling, the risk reduces of large drilling
deviations which can lead to high amount of overbreak.

Karlzén and Johansson (2011) highlight that even if the drilling is of high quality
and the blasting is performed gentle, the geological conditions govern the outcome.
Hence, this can be interpreted as the biggest risk in blasting is the uncertain geolog-
ical conditions since the geology will not be fully determined until the start of the
tunnelling process (Paraskevopoulou & Boutsis, 2020). This in turn can generate
big consequences in time and cost (Karlzén & Johansson, 2011). Hence, SveBeFo
(1999) mentions that extended prognoses of engineering geological mapping before
the project starts, will limit the uncertainties in geological conditions and is one
very important aspect in successful tunnelling projects. Thus, it is evident that risk
management has a big influence on the handling of possible disturbances or hazards
of the project and will by that affect the project’s final quality and result (Eskesen
et al., 2004).

2.3.4 Health & Safety
This section is mainly based on Swedish Work Environment Authority which is as-
signed the task, by the Swedish Government and Parliament, to ensure that laws
about the work environment and working hours are obeyed by companies and or-
ganisations.

Health & safety aspects are crucial in the construction industry. According to Swedish
Work Environment Authority (n.d.) construction workers are involved in twice as
many accidents compared to other employees. In order to prevent this, there exists
regulations and general guidelines that should be followed. Construction works per-
formed in rock is a demanding work environment with manual operations, noise,
dust and handling of explosives (Swedish Work Environment Authority, 2005, 2007,
2010, 2015). Therefore, there exists special regulations and guidelines for mining
and rock works with several measures concerning the construction workers working
environment when tunnelling.

Arbetsmiljöverket (2022) highlight that tunnelling works often involves many risks
in health & safety for construction workers. They mention risk for falling rocks,
air pollution, chemicals, and ergonomic risks since the work space is limited and
with many moments that includes heavy manual handling or lifting, among others
(Arbetsmiljöverket, 2022). Arbetsmiljöverket (2022) further explains that it is pos-
sible to prevent some of the risks from happening with good planning, ventilation,
emergency exists, regular checks for danger, reinforcement and with a good work
rotation. They also mention that there today exists ongoing developments of min-
imizing manual works in tunnelling, due to the manual work being heavy for the
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workers (Arbetsmiljöverket, 2022).

Swedish Work Environment Authority (2010) mentions in the regulations and guide-
lines for mining and rock works, that measures must be taken so that the methods
and equipment for the construction worker enables good working positions and move-
ments. The regulations also mentions that measures must be taken to lower the risk
to encounter undetonated explosives when scaling, mucking, and drilling (Swedish
Work Environment Authority, 2010). This is important since the explosives of today
are safer to handle but also harder to initiate. Thus, there is a higher frequency of
undetonated explosives which still may detonate if encountered. The Swedish Work
Environment Authorities also mentions in their regulations and guidelines that ex-
plosives as Gurit that contains Nitroglycerin, should be handled carefully since skin
contact with the explosives or inhalation of their vapors can cause headaches through
the explosives’ ability of lowering blood pressure (Dyno Nobel Sweden AB, 2006;
Swedish Work Environment Authority, 2007).

2.4 Environmental Management
Sustainability is regarded in three perspectives: the economic, the environmental,
and the social (Pero et al., 2017). The economic perspective is about to be able
to maintain a high level of production to ensure consistent cash flow in the mar-
ket (Dyllick & Hockerts, 2002; Harris, 2003; Pero et al., 2017). The environmental
perspective refers to preserving the earth and to prevent overexploitation of natural
resources, reduce the emissions and greenhouse gases from production and protect
the ecosystem services (Dyllick & Hockerts, 2002; Harris, 2003; Pero et al., 2017).
The social perspective concerns actions taken towards social exclusion and discrimi-
nation, adding value to the society and equally providing services for the community
(Dyllick & Hockerts, 2002; Harris, 2003; Pero et al., 2017). Hence, it is evident that
the construction industry affects all three perspectives of sustainability and has a
major impact on the environment (Ofori, 2000; Pero et al., 2017).

Today there exists several drivers to address the construction industry´s impact on
the environment and how it can be developed to become more sustainable (Pero et
al., 2017). The Swedish transport administration have addressed and studied how
the construction phase of infrastructure project can become more sustainable and
concluded that the technology of today could be used to reduce approximately 50%
of the generated emissions. However, to reach net zero emission, innovations are
required which involves major investments in new technology (Fossilfritt Sverige,
2018). Further, Fossilfritt Sverige (2018) argues that the life cycle perspective of a
project including their costs must be considered when implementing new materials
or alternative construction methods without compromising the final quality.
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2.4.1 Climate Impact Tunnelling
The climate impact generated by the tunnelling process is mainly due to the pro-
duction and usage of materials such as steel and cement (Fossilfritt Sverige, 2018).
Fossilfritt Sverige (2018) explains that shotcrete, involving cement and steel, con-
tributes to half of a construction project’s total emissions. Hence, the manufacture,
transport, and usage of materials affect the climate impact. Therefore, the decision
on which materials to use and how to transport them is important to reduce the
projects climate impact (Fossilfritt Sverige, 2018). The usage of cement and steel oc-
curs in the phases Pre-grouting and Reinforcement as well as in the activity Drilling,
involved in the phase Blasting Cycle. Therefore, the usage of material will depend
on the amount of drilled holes, overbreak and the needed amount of reinforcement,
i.e number of bolts or shotcrete.

Transports, on the other hand account for a smaller but still significant part (Fossilfritt
Sverige, 2018). However, the transports is fundamental in all the activities in the
tunnelling process since all material is transported to and from the project. For
example, the activity mucking affects the amount of emissions since the volume of
blasted rock determine the number of transports needed. This is important since the
climate impact generated by transports in infrastructure projects are often affected
by the volume of rock masses and may for large volumes answer for a bigger part of
the project’s total climate impact (Fossilfritt Sverige, 2018).

Furthermore, performing tunnelling also generates emissions from blasting. This
since the blasting of explosives releases nitrogen emissions from both the blasting,
the waste of explosives when charging, and from undetonated explosives which leaks
out to the ground water system (Holmberg & Nobel, 1997; Tilly, Ekvall, Ch, &
Finn Ouchterlony, 2006). The impact of nitrogen emissions is a complex issue due
to all the parameters that nitrogen affect on plant and animal life with e.g over-
fertilization (Tilly et al., 2006). However, the nitrogen emission generated from the
blasting and charging are quite small compared to the emission generated by ce-
ment, steel, and transports (Holmberg & Nobel, 1997; Tilly et al., 2006).

2.4.2 Life Cycle Assessment, LCA
Life Cycle Assessment, LCA, is a common method used to describe and enable an
overview on the climate impact of a product or a system (Toller, 2020). LCA enable
a way to make comparison between analysed objects and by that find better solu-
tions for the environment (Baumann & Tillman, 2004). This may be especially useful
when deciding between different alternatives which produce the same function. In a
LCA the climate impact of a product, a component or a service throughout its life
cycle, are compiled and evaluated (Fossilfritt Sverige, 2018; Toller, 2020). According
to Klöpffer Klopffer1997LifeState, LCA intends to include the products or functions,
total environmental impact during its life cycle, from “cradle to grave” (p.223). How-
ever, Baumann and Tillman (2004) points out that the LCA does not consider the
impact on a site specific environment nor economic-, social- or risk aspects. A LCA
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is performed in four steps: defining goals and scope, inventory analysis, environmen-
tal impact assessment, and interpretation and presentation of the results of each
step (Klöpffer, 1997). Within the regulations concerning the LCA process, a LCA
can be conducted through several different methods (Toller, 2020). The standard-
ized principles and framework for LCA is described in the European Standard ISO
14040-14043 and contributes to the United Nations Sustainable Development Goal
13, Climate Action (International Organization for Standardization, n.d.).

The first step, defining goals and scope, is where the crucial boundaries and the
context of the LCA´s system are specified (Baumann & Tillman, 2004; Klöpffer,
1997). It is important that the boundaries and the context of the LCA’s system
are transparent and well defined (Baumann & Tillman, 2004). According to Toller
(2020), if the LCA´s boundaries were set to the production of a product, excluding
the following phases of operation and final disposal, it is called “cradle to gate” (p.
9). Thus, the “cradle to gate” is a common way to make the analysis in roads- and
railway projects since demolition of infrastructure rarely occurs (Toller, 2020). The
second step, inventory analysis, concerns the in- and outflows of the analysed system
such as raw materials, extraction, products, energy, waste and emissions as well as
the used products own in- and outflows (Baumann & Tillman, 2004; Klöpffer, 1997).
This is often done by general data from international data bases together with more
specific data about the resources used and the emissions that are created in the
specific case (Toller, 2020). The second step results in a calculation of the amounts
of resources performed (Baumann & Tillman, 2004).

The third step, environmental impact assessment, involves three main sub-steps:
Classification, Characterisation and Weighting (Baumann & Tillman, 2004). Classi-
fication evaluates the potential environmental impacts and sorts them in categories
depending on the environmental impact they contribute to (Toller, 2020). Charac-
terisation implies that the different categories’ total environmental impact is calcu-
lated (Klöpffer, 1997; Baumann & Tillman, 2004). This number then shows which
environmental impacts that the product or service contribute to the most and to
what extent. This is further done in weighting, where the environmental impacts are
weighted against each other to rank them after importance (Baumann & Tillman,
2004)). The final step of the LCA system is the interpretation and presentation of
the results, where different analysing methods are used to evaluate the results to
draw conclusions (Toller, 2020).

2.4.3 Climate Impact Estimation Model
The Swedish Transport Administration has developed a Climate Impact Estimation
model based on a method for LCA with the basic principles applied. The purpose
is to establish the Swedish Transport Administration’s working methodology when
assessing the impact of infrastructure projects and the energy usage and climate im-
pact through a life cycle perspective. The Climate Impact Estimation shall according
to governing documents be establish for investment- and reinvestment measures for
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50 million or more (Eklöf, 2018; Fossilfritt Sverige, 2018).

The idea behind the model is to enable consistent calculations from a life cycle
perspective regarding the size of the climate impact and energy use caused by pro-
duction, operation, and maintenance of the transport infrastructure (Toller, 2020).
This by calculate the climate impact based on standard working procedures, building
components, or project specific quantity data for material and energy resources as
well as maintenance of the construction project (Toller, 2020). The used resources
are measured and multiplied with the current emission factor for these resources
which describes the emissions that are caused (Eklöf, 2018). The emission factors
include raw material extraction, processing, and transports of material and energy
resources, as well as from the combustion of the energy resources (Eklöf, 2018). The
model shall be used for individual investments which then may be summarized for
the total climate impact and energy use from several projects as the national plan
for the transport infrastructure (Toller, 2020). The model is also used to, in a con-
sistent and efficient approach, work with continuous improvement when planning,
implementing measurements, following up, present results, and to set requirements
in procurement.

The Climate Impact Estimation consists of resource templates which describes the
components involved in different type solutions and the material- and energy re-
sources that are engaged in which construction component (Toller, 2020). The dif-
ferent basis and needs of input when calculating climate impact are divided to
four different calculation levels: A, B, C, and D. The level A is based only on the
mentioned resource templates, while level B is based on more detailed information
regarding the amount of construction parts and components used in the project.
Level C is a more flexible level, meaning that one can use data with different detail
levels. Lastly, level D provides climate impact calculation on maintenance, based
on detail importation (Toller, 2020). Furthermore, the application of a more envi-
ronmentally friendly construction part can be visualised by using this tool, since it
shows the impact on the emission factor (Toller, 2020).

A climate impact estimation is performed several times during the project. The cli-
mate impact estimation is created in the action-choice study where it forms the basis
for a sustainable choice of action for the development of infrastructure (Eklöf, 2018).
The climate impact estimation is then renewed four times during a project, where
three of them is during the planning process. The first renewal of the climate impact
estimation is produced to form a basis for the climate requirements of infrastructure
projects (Eklöf, 2018). The second renewal of the climate impact estimation is made
to investigate how the different infrastructure alternative’s climate performance may
be affected by different options and solutions prior to the decision of which measure
to continue with (Eklöf, 2018). The third renewal of the climate impact estimation
is performed to form the basis for how the infrastructure measure should be imple-
mented as well as total cost of it (Eklöf, 2018). The fourth and final renewal of the
climate impact estimation is then performed together with the tender documents by
the contractors in the procurement (Eklöf, 2018).
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A Climate Declaration is the final Climate Impact Estimation which is established in
the when the project is finalised (Eklöf, 2018). This is made with the actual amount
of used material- and energy resources. This may contribute to knowledge transfer
of the most effective solutions as well as to enable updates and calibrations for the
Climate Impact Estimation model (Eklöf, 2018).
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This chapter presents E05 contract Korsvägen which is the object of this case study.
First, the chapter introduces the background of contract Korsvägen. After, more
in-depth information, with regard to the scope of this thesis, will be presented.
Moreover, this chapter is mainly based on information collected from the project, the
project’s governing documents, and the Swedish Transport Administrations website.

3.1 Contract Area Korsvägen
The project Västlänken is a part of the national plan of the Swedish Transport Sys-
tem, as well as the West Swedish Agreements, which involves investments in public
transport, rail and road (Swedish Transport Administration, 2021c). Västlänken will
also contribute to a regional growth and an expansion of the labour market (Sweden
Underground, n.d.-b; Swedish Transport Administration, 2021c). This since shorter
commuter times with train will enable more inhabitants of Gothenburg and West-
ern Sweden to reach workplaces within and outside of Gothenburg (Sweden Un-
derground, n.d.-b). The project is consisting of eight kilometres new double track
railway, with six of the kilometers in a railway tunnel, beneath the city of Gothenburg
(Swedish Transport Administration, 2021c). Contract Korsvägen is a 3,2 kilometres
long section of Västlänken. The rock tunnel parts are consisting of a rail tunnel
as well as a service and rescue tunnel in parallel. The section also includes an un-
derground station, Korsvägen, with one platform and two tracks. The construction
phase of contract Korsvägen has in the project been estimated to generate approxi-
mately 27 000 tonnes of CO2 equivalents with all components included in the tender
for the contract area Korsvägen. An overview of the contract area Korsvägen are
shown in Figure 3.1.
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Figure 3.1: Map of the contract area showing each section of Korsvägen. Source:
Conducted from the project.

As seen in Figure 3.1, the contract Korsvägen are divided into five tunnel areas; Rock
Tunnel West, Station Korsvägen, Concrete Tunnel Liseberg, Rock tunnel Örgryte,
and Rock Tunnel/Concrete Tunnel Almedal. The contract sum is 3,8 billion SEK,
making this partial part of Västlänken one of the largest parts of Västlänken. The size
of the contract sum reveals many challenges and thus the project is defined as com-
plex. In literature there exists many definitions on how a construction project can be
defined as complex. Vidal and Marle (2008) defines the complexity of construction
projects as “the property of a project which makes it difficult to understand, foresee
and keep under control, its overall behavior, even when given reasonably complete
information about the project system” (p. 1101). Further, Briesemeister (2018) de-
scribes complex construction projects as “A complex project seems to be a labyrinth
with many hidden dangers and is difficult to manage.” (p. 5). This complies well
with the Contract Korsvägen since it is located in a dense urban area, with an al-
ready large existing public transport connections. Also, the project has challenges
with the many actors that are involved and affected. Furthermore, the total rock
mass excavation is estimated to be 650 000 cubic meters, the same volume as 11
filled Scandinavium (Got Event, n.d.). Nevertheless, the challenging rock quality
underneath Gothenburg makes the area complex to design and construct. Hence,
the contract Korsvägen, in the project Västlänken is defined as a complex project
and thereby complies with both definitions.
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3.1.1 Governing Documents
The order of the governing documents is very important for all parties in a construc-
tion project since clear and well established contracts reduce the risk for misunder-
standings and conflicts between the involved parties (Rosseau & McLean Parks,
1993). The contract Korsvägen is governed by the standard agreement called AB
04, which stands for general conditions of contract for Design and Construction
Contracts for Building, Civil Engineering and Installation Works. The standard
agreement is applied together with the technical specifications and the ’Allmän Ma-
terial och Arbetsbeskrivning’, called AMA, directly translated to General Material
and Work Specifications. The Swedish Building Centre provides AMA, which is
specified for the Swedish construction market regarding well-proven procedures for
procurement and execution of civil engineering, construction and installation works.
AMA is updated every third year and provides a standard framework generating a
safer and more consistent quality in the construction process (Swedish Transport
Administration, 2020a; Swedish Building Centre, 2020). In AMA-Anläggning chap-
ter CBC.6 exist the standard regulations on how the contractor should perform
rock excavation in tunnelling. This involves all parts in the tunnelling process and
regulations on how the excavation impact the surrounding areas (Swedish Building
Centre, 2020). Furthermore, the technical specifications are structured according to
the AMA´s structure and are important additions to the project´s drawings and
other documents.

3.2 Production Challenges
The production challenges in Korsvägen are many, but the major concerns are: long
project time with strict deadlines, complex business model, large organization, large
number of stakeholders, many geological uncertainties, big impact on and from third
part surroundings, and lastly the concerns with difficult technical constructions and
unexpected changes. The challenges are mainly due to the contract Korsvägen be-
ing located in central Gothenburg. Hence, when performing tunnelling in central of
Gothenburg, there exists strict time limit intervals that the project need to adapt
to. For blasting, the works are limited to Monday to Friday between 07:00 to 22:00,
while for drilling or similar, that generates noise and structural borne sound, the
works are limited Monday to Friday between 07:00 to 19:00.

Moreover, the work site area is very limited and narrow due to the dense urban area
which makes it problematic to store and handle rock material on site. Thus, all ex-
cavated rock masses need to be transported from the site. Therefore the rock masses
are transported to a crush-center located 18 kilometers from the site. Furthermore,
the transport of rock masses is not allowed during rush hours since they may affect
the accessibility for the public transportation, roads, and bicycle traffic. Also, the
client has decided that the weight of the transport vehicles must not exceed 30 tons,
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since the public roads may be damaged. Therefore, if the weight exceeds 30 tons, the
contractor will be fined. A solution to many of these problems is that the contractor
uses work shifts to make the production as efficient as possible. Due to the restricted
time-limitations of blasting and drilling, the contractor transport the majority of all
rock masses during the night shift to not affect the traffic in the city.

3.2.1 Engineering Geological Mapping
In Korsvägen, the Q-system together with an investigation of the weakness zones,
are used. Hence, in the contract Korsvägen, the client has in beforehand performed
an engineering geological mapping to give this information to the contractor. This
includes core drilling, scan line surveys, and inspections of archives. Accordingly, the
rock mass quality in the contract Korsvägen has, prior to the construction phase,
been divided into five rock quality classifications, as seen in Table 3.1.

Table 3.1: Rock Mass Classification scheme in the contract Korsvägen with the
characterization of the rock mass by the Q-system.

Rock classification Q-value Rock Quality
I Q >10 Good
II 4< Q <10 Acceptable
III 1< Q <4 Bad
IV 0.1< Q <1 Very bad
V Q < 0.1 Extremely bad

By the engineering geological mapping, the rock quality in the tunnel after each
blasting and the dimension of the reinforcement for rock support, can be decided
upon. The dimensions of reinforcement are regulated in reinforcement classes with
requirements on the thickness of the shotcrete layer, distance between bolts, and the
length of the bolts. This with the addition of standard industry requirements such as
strength and bolt dimensions. Accordingly, the choice of reinforcement class during
the contract period is directly linked to the rock quality, the amount of blasting
and the desired end-result. Therefore, in the contract Korsvägen, the client decide
which reinforcement class that shall be applied by geological mapping, as previously
mentioned. The client also decides if the reinforcement class should be applied to a
whole section of the project or only a specific part of the tunnel.

The reinforcement classes are, as a standard for contract Korsvägen, established
by four different reinforcement classes and divided between three different tunnel
span classes: class A with a tunnel width of 5-10 meters, class B with a width of
10-17 meters, and class C with a width of 17-21 meters. This to accommodate track
tunnels, service tunnels, transition areas between track tunnels and stations, as well
as unexpected overbreak. However, adapted reinforcement can also be applied to
certain sections of the contract Korsvägen with a lower rock quality class. This
due to complicated technical conditions, for example under sensitive properties or
underground nearby construction. The connection between the tunnel span classes,
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reinforcement classes and rock quality classes can be seen in Table 3.2 and Table
3.3.

Table 3.2: Span Classes.

Span class Width of the tunnel, B
A 5<B<10 m
B 10<B<17 m
C 17<B<21 m

Table 3.3: Reinforcement classes depending on rock class and the span classes.

Rock Quality Class 5<B<10 m 10<B<17 m 17<B<21 m
I I-A I-B I-C
II II-A II-B II-C
III III-A III-B III-C
IV IV-A IV-B IV-C

Furthermore, an example from the dimensions of reinforcement in the tunnel span
class A can be seen in Table 3.4 below.

Table 3.4: Span Class A, Reinforcement classification scheme in the contract Ko-
rsvägen.

Reinforcement Class Q-value Shotcrete
thickness

Bolt
distance

Bolt
length

I-A >10 60 mm 2.5 m 3 m
II-A 4<Q<10 60 mm 2 m 3 m
III-A 1<Q<4 100 mm 1.7 m 3 m
IV-A 0.1<Q<1 150 mm 1.3 m 4 m
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This chapter describes the methodology behind the thesis. First the design of the
research is presented before the chosen methods are explained more in-depth. These
methods are a frame of reference, a case study, a cost calculation, a climate im-
pact estimation, and a qualitative interview study. Lastly, this chapter presents the
assumptions made, reflections about validation, and ethical considerations.

4.1 Research Design
To answer the research questions formulated, the following analysis methodology was
applied. The approach used have been an explorative abductive reasoning where the
knowledge about the topic have been gradually grown by using both theory as well
as empirical data and experience gained by observations and interviews through the
performed case study. Therefore, the research setting for the thesis have been on
site with the joint venture West Link Contractors in the project E05 Korsvägen.
Accordingly, this research setting was chosen to get the best possibly insight in the
project and tunnelling process. First, a Frame of Reference was developed to support
our analysis. This was performed looking into the existing literature about both the
technical aspects of rock excavation processes in drill-and-blast tunnelling and the
theoretical parameters that may affect the following management aspects: cost, time
and sustainability. Then a qualitative interview study was performed to extend the
knowledge even further with the experience of key stakeholders.

Further, a case study was performed by studying four tunnels in the contract Ko-
rsvägen. Based on the case study, an cost calculation was produced using the ABC
methodology in the program Microsoft Excel. A climate impact estimation was also
performed based on the case study regarding the tunnelling process’ environmen-
tal impact for the construction phase. This was done in a model provided by the
Swedish Transport Administration and provided a result of the construction projects
environmental footprint in CO2 equivalents. When these were finalized, an analysis
was performed based on the result provided by the frame of reference, the qualita-
tive interview study, the case study, the cost calculations, and the climate impact
estimations. The analysis was applied to answer the purpose and the research ques-
tions of this thesis. Figure 4.1 below shows a map of the performance of the chosen
methodology.
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Figure 4.1: Map of methodology. Source: Created by the authors.

4.2 Frame of Reference
The Frame of Reference was developed to support the researchers in their anal-
yses. This was formed by collecting, analysing and evaluating existing literature
and information through books, educational material from blasting technical ed-
ucations, databases such as Google Scholar, Chalmers Library and ScienceDirect,
and the Swedish Transport Adminstration’s website. The books utilized were Busi-
ness Research Methods by Bell, Bryman, and Harley (2019), Forskningsmetodik by
Säfsten and Gustavsson (2019), Modern Bergsprängningsteknik by Olofsson (2017),
Managing Complex Construction Projects by Briesemeister (2018), PMBOK guide
by Project Management Institute (2017), and Skriva för lära by Dysthe, Hertzberg,
and Løkensgard Hoel (2011). The education material used is Bergutbildarna’s (2012)
guidebook Sprängarens Lilla Röda. Berutbildarna AB is a independent consultant
and educational company in rock, drill- and blasting techniques with experience
from more than 25 years and is approved as trainers and certifiers. The information
gathered from the databases was mainly obtained from reports, scientific papers,
and journals.

4.3 Qualitative Interview Study
The frame or reference was supported with a qualitative interview study. This qual-
itative research method was chosen due to the high density of knowledge in the
project and the substantial and elaborated answers that qualitative interviews com-
monly provide (Bell et al., 2019). As Bell et al. (2019) observes, qualitative interviews
puts a higher level of focus on the interviewees, their opinions and interpretations
by the less structured interviews. This does not mean that the interviews were not
prepared for, but rather that the interviews were not standardized (Bell et al., 2019).
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The researchers were in that way present at the interview and could choose the order
and how to formulate the questions depending on the context as well as to follow
up what the interviewee have expressed with follow-up questions (Bell et al., 2019).

The interviews were semi-structured meaning that questions and topics were pre-
pared before the interview but without a solid order (Bell et al., 2019). The inter-
views were structured to the extent that all the prepared questions and topics were
dealt with similar formulations but with the freedom on how it was done (Bell et al.,
2019). This due to the qualitative interviews’ approach, flexibility, and the possibil-
ity it provided for elaborated answers and follow-up questions on the interviewees
perspective on the subject. Thus, the chosen method was appropriate for the study’s
purposes which were: to gain knowledge about the experiences of using the different
rock excavation classes, risks when performing rock excavation, the costs, and how
the climate impact estimation model work as well as the reason behind different re-
quirements set in the procurement. The qualitative interview study was performed
by an thematic analysis through identifying, examining and lastly presenting the
collected data in patterns (Säfsten & Gustavsson, 2019).

The interviewed were mainly white collar workers from contract Korsvägen with the
roles shown and described in Figure 4.2. The eight interviewees were chosen due
to their expertise of the project, diversity in roles, and their knowledge regarding
drill-and-blast tunnelling. The participants in the interview study were from differ-
ent contractors involved in the project as well a representative for the client. The
initial plan was to have a more equal representation of the different actors involved
in the project but due to the sensitivity of the project and this thesis topic, it was
challenging to find the same range of representatives from the client’s perspective.
However, the participant from the client´s perspective represents great knowledge
of rock works and contract Korsvägen. All interviews except one were performed
in-person and was recorded with the consent of the interviews. The interview which
was not conducted in-person was performed through Microsoft Teams. The inter-
views were then transcribed briefly to be able to capture the complete information
provided during the interviews (Bell et al., 2019). The interview guide can be find
in Appendix A.
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Figure 4.2: Descriptions of the interviewees

4.4 Case Study
The case study are the essential part of the analysis conducted in this master thesis.
This since the case study is used for a in-depth analysis to build on the existing
literature and the qualitative data collected and challenge it (Bell et al., 2019; Tel-
lis, 1997). Hence, case studies based on one specific case need to be investigated
thoughtfully to be creditable (Tellis, 1997). The case study of this thesis is based on
the contract Korsvägen. Due to the unique geological conditions of the area where
contract Korsvägen is located, the approach of this study is ideographic (Bell et al.,
2019). This leads to that the case study of this master thesis could be seen as a in-
trinsic case study (Bell et al., 2019). However, the case study of contract Korsvägen
include multiple case studies within the case since the contract Korsvägen is very
complex with several tunnels which been studied in this thesis (Bell et al., 2019).
Accordingly, four tunnels within the project have been chosen to investigate more
thoughtfully and with high precision.

The four investigated tunnels are:
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• Service Tunnel 101 East (ST 101), section 1/210 to 1/520 (310 meters)
• Service Tunnel 207 (ST 207), section 0/20 to 0/330 (310 meters)
• Eastern Station Centre Pilot (ES C-Pilot), section 461/120 to 461/170 (50

meters)
• Western Station Centre Pilot (WS C-Pilot), section 460/901 to 460/920 and

460/940 to 460/960 (39 meters)

These four tunnels were chosen due to that they all had information such as Q-values
and outcome of overbreak available and that the two tunnels ST 101 and ST 207
were excavated with Rock Excavation Class 1, and the other two, ES C-pilot and WS
C-Pilot, with Rock Excavation Class 3. These four tunnels were also chosen in order
to perform a descriptive case study by pattern-matching the four tunnels attributes
(Tellis, 1997). This to in the end conduct the relationship between overbreak, rock
quality by Q-values, and choice of rock excavation method.

To be able to investigate how the overbreak depends on the geological conditions
formulated in the Q-value, a boxplot where performed based on the information
collected of the four tunnels. The boxplot was performed to graphically analyse how
the overbreak was distributed between the different Q-values on the four total tunnel
sections. This to summarize the information gathered about the overbreak outcome
depending on the Q-value of the rock where the four tunnels were located. To un-
derstand how the choice of rock excavation method affect the outcome in overbreak,
a boxplot was used a second time. This time the boxplot was performed based on
the Q-values sorted by the two rock excavation classes. The Q-values of ST 101 and
ST 207 composed Rock Excavation Class 3, while the Q-values for ES C-Pilot’s and
WS C-Pilot’s formed Rock Excavation Class 1. This boxplot resulted in a graphi-
cally relation of how the overbreak are distributed based on the two rock excavation
classes and their sorted Q-values. Hence, the median, upper limit and lower limit in
overbreak distribution based on rock excavation class were found.

Further, by pattern-matching similarities between the four tunnels, information
gathered in the project, and supportive literature some important assumptions were
made. This since some variables needed to be fixed in order to perform a comparable
cost calculation and climate impact estimation depending on only the choice of each
rock excavation class. The mentioned variables that needed to be fixed were:

• Tunnel Profile Size
• Tunnel Length
• Theoretical Tunnel Cubic
• Profile Perimeter
• Blasting Length
• Theoretical Surface Area
• Grouting Class
• Reinforcement Class
• Number of Grouting Reinforcement Cycles
• Number of Blasting Cycles
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• Thickness Shotcrete
• Density Rock

4.4.1 Cost Calculation
The cost calculation was based on ABC methodology, were the information imple-
mented were obtained from the case study. Thus, the cost calculation was divided
in two parts, the direct costs and the indirect costs. The cost for each parts were
connected to the activities involved in each rock excavation class. The direct costs
were considered as the cost for material & subcontractors, while the indirect costs
were formed by the cost for the time, i.e the cost for resources, involving all ma-
chines (including maintenance), labour, and other costs such as site offices, rent,
and other administrative work. The reason behind identifying these was to establish
the parameters the cost of each rock excavation class were depending upon. After,
the cost for material & subcontractor and the cost for resources were summarised.
This to determine the final and total cost for each rock excavation class. Lastly, an
analyse was performed on how the cost for resources stands in relation to the cost
for material & subcontractor.

4.4.2 Climate Impact Estimation
The Swedish Transport Administration’s tool Climate Impact Estimation was used
to identify the tunnelling process climate impact and driving factors for the four
selected tunnels in the project. The calculation level performed was level B and in
version 7.0 of the Climate Impact Estimation tool. This since level B and version 7.0
generated the most accurate template regarding the later stage in the construction
phase and a more trustworthy climate declaration. After the level and version were
determined, analyses were made based on the results from the case study and cost
calculation. This since the case study together with the cost calculation generated
how the activities differentiated between the Rock Excavation Class 3 and 1. This
made it possible to choose the correct construction components sorted under 6.3
Tunnels in the Climate Impact Estimation tool.

The construction components chosen to perform the climate impact estimation, were
the fixed parameters: cement for grouting and rock anchorage bolt 3 meters. The
varying parameters chosen were the excavated rock mass and shotcrete which de-
pend on the amount of overbreak. The amount of excavated rock were chosen as case
B, meaning that the excavated rock was not reused in the project but instead trans-
ported. While the other components were put in their respectively category. Lastly,
the climate impact estimations of the median, the upper and lower limits were final-
ized by exporting the Climate Impact Estimation to excel files, which were analysed.
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4.5 Assumptions
The assumptions made for the cost calculation and climate impact estimation have
been decided on the basis of the case study. As for the theoretical dimensions of
the tunnel a fixed tunnel profile was assumed of 100 square meters, a length of
80 meters, a perimeter of 25 meters and a theoretical surface area of 2 000 square
meters. As for the conditions for the tunnelling process, pre-grouting was not being
considered to affect the choice of rock excavation class and was therefore assumed as
grouting class I. Further, the reinforcement class was assumed to be class II-A, since
the tunnel span class was chosen to be class A and the rock quality is considered ac-
ceptable. Hence, the number of bolts in reinforcement class II-A was assumed to be
12,5 pieces per meter tunnel and the thickness of the shotcrete was assumed to be 6
centimeters, both independent of the rock excavation class. It was assumed that the
reinforcement happen after four blasting cycles and not after each, the same goes for
the grouting cycles. Thus, the blasting length was assumed to be 5 meters since this
was a regular blasting length in the industry and the number of blasting cycles for
80 meters tunnel was set to then be 16. Moreover, the rock density was assumed to
be 2,7 ton/m3, which was a elaborated number found from experience in the project.

In terms of the differences between Rock Excavation Class 3 and 1, the number of
boreholes per blasting round was assumed to be 30% more in class 1 than class 3.
This number was based on the blasting journal. Moreover, the amount of charg-
ing depending on rock excavation class was based on the blasting journal and the
ratio was assumed to be 7% Gurit and 93% Emulsion in Rock Excavation Class
1. Additionally, the time and material cost for grouting and reinforcement bolt-
ing were assumed to not differ between the two rock excavation classes. This since
these were assumed to not have an impact on the choice of rock excavation class.
Further, the time for on and off establishment was assumed to take 1 hour for each
activity needed. These assumptions was also made in the climate impact estimation.

4.6 Reflections About Validation
According to Bell et al. (2019) have writers stated that studies of qualitative ap-
proach shall be assessed by the two criteria: trustworthiness and authenticity. To
assess the thesis’ trustworthiness, Bell et al. (2019) argues that four criteria are used
for evaluate a study of qualitative nature.

These four criteria are:

• Credibility
• Transferability
• Dependability
• Confirmability
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In terms of credibility Bell et al. (2019) and Shenton (2004) states that credability
seeks information on how consistent the findings of the study are with the reality.
This study has been validated through respondent validation where the participants
of the research has corroborated the findings. Triangulation have also been applied
to the thesis to cross-check the results. This have been performed by interviews and
several sources of data to determine the findings with greater certainty.

Transferability examines the ability of the thesis findings to be generalised and ap-
plied to situations in other contexts according to Bell et al. (2019) and Shenton
(2004). For the reader to be able to decide if the findings are applicable to other
situations Bell et al. (2019) argues that detailed statements of the study’s circum-
stances needs to be provided. Shenton (2004) mentions that numerous of authors
highlights the importance for the researchers to clarify the boundaries and conditions
for the reader. Therefore, the information of the number of organisations participat-
ing in the study and their location; the implemented method of data collection; the
quantity and span of the data collection process; and the time frame when the data
was accumulated shall be provided. However, the applicability of the findings of this
thesis to other geographical areas than the studied, has not been considered. This
since the scope of the thesis is limited to contract Korsvägen in sense of organisa-
tion and location. Despite this, the findings of this study may be practised by the
company NCC, or Joint Venture WLC in other project. This as they possesses the
information and knowledge this thesis is based upon.

Considering dependability Shenton (2004) argues that the details of the study shall
be recorded in such quality that future researchers shall be able to repeat the work.
Bell et al. (2019) further highlights the importance of auditors along the period
of the thesis and in the end to address to what extent the proper research research
procedures have been applied. The thesis dependability has been affected of the pro-
cedures that have been taken due to protect the anonymity and personal integrity of
the interview objects in terms of interview transcripts. However, can the interview
guide be found in Appendix. The study has also along the way been reviewed several
times by the researchers supervisor and peers from the same masterclass by a peer
review.

Confirmability concerns the objectivity of a qualitative study according to Shenton
(2004). Bell et al. (2019) mentions that it should be explicit that no personal beliefs
or opinions should affect the performance or findings from the study. The thesis have
been performed with no prior knowledge of the topic or the work methods which
confirms that no personal values or hypothesis affected the execution or findings of
the study. The method of the study have also been reviewed by supervisor during
the process.
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4.7 Ethical Considerations
The ethical principles of the master thesis have been evaluated by the four ethical
principles raised by Bell et al. (2019). These four are:

• Whether there is harm to the people
• Whether there is a lack of informed consent
• Whether there is an invasion of privacy
• Whether deception is involved

In order to ensure no harm to the participants in our study and to protect the inter-
viewees are no field notes or transcripts attached to the master thesis as appendices.
The interviewees were informed about the study and its purpose and were offered
to see the interview guide in beforehand. In the beginning of the interview were the
interviewees asked about their consent of their interview being recorded as well as if
anonymity was preferred. The participants of the interview study were also able to
review the results of the master thesis to be able to approve any reference, quotation
or withdraw their participation to respect their privacy.
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The following chapter will present the results from the case study. First, this chap-
ter presents the four studied tunnels followed by the rock quality distribution in
Q-values for each of the studied tunnels. Second, the overbreak distribution for each
tunnel is presented and summarised in a total overbreak distribution for each rock
excavation class. Lastly, this chapter presents the result of the cost calculation and
climate impact estimation for the two studied rock excavation classes. Moreover,
the results presented from this case study are based on experience and information
gathered from the project.

5.1 The Four Studied Tunnels
The case study analysed the four studied tunnels ST 101, with a distance of 310
meters; ST 207, with a distance of 310 meters; ES C-Pilot, with a distance of 50
meters; and WS C-Pilot, with a distance of 39 meters. An overview of the four tun-
nels studied are illustrated in Figure 5.1.
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(a) Western part of the contract Korsvägen

(b) Eastern part of the contract Korsvägen

Figure 5.1: Overview of the tunnels studied in this case study

Both ST 101 and ST 207 were performed with Rock Excavation Class 3. The choice
of Rock Excavation Class 3 in the Service Tunnels was made since the subsequent
works are not crucial and therefore the requirements on the damage zones are not as
strict. The profile of these tunnels is illustrated in Figure 5.2. However, both the ES
C-pilot and WS C-pilot were performed with Rock Excavation Class 1. The choice of
Rock Excavation Class 1 in the centre pilots was made in regard to the subsequent
works since they are crucial for the future station of Korsvägen. This can be seen in
Figure 5.3.
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(a) Service Tunnel 2D (b) Service Tunnel 3D

Figure 5.2: Illustrations of service tunnels, in 2D and 3D

(a) Centre Pilots Station Area (marked in red) 2D

(b) Centre Pilots Station Area 3D

Figure 5.3: Illustration of centre pilots located in station areas, in 2D and 3D
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5.2 Rock Quality Distribution
Moreover, with regard to the scope of this thesis, the four tunnels have also been
studied in more detail regarding the tunnels’ rock quality and overbreak outcome.
From the Q-values found in the engineering geological mapping, both of the two
tunnels’, ST 101 and ST 207, rock quality were determined. In ST 101 the Q-values
ranged from good rock quality to bad rock quality. While in ST 207 the Q-values
were between the range of good rock quality to very bad rock quality. The two tun-
nels rock quality can be found in Figure 5.4. Furthermore, both of the two pilots, ES
C-pilot and WS C-pilot, were also determined based on their Q-values. In ES C-pilot
the rock quality was found to only be in the acceptable rock quality and for WS
C-Pilot the Q-values were determined to be in the range of rock quality good and ac-
ceptable. The distribution of the two tunnels rock quality can be found in Figure 5.5.

Bad (1<Q<4)

27%
Acceptable (4<Q<10)

29%

Good (Q>10)

44%

(a) ST 101

Very Bad (0.1<Q<1)
4.5%

Bad (1<Q<4)

19%

Acceptable (4<Q<10)

66%

Good (Q>10)
10.5%

(b) ST 207

Figure 5.4: Rock quality distribution for ST 101 and ST 207

Acceptable (4<Q<10) 100%

(a) ES C-Pilot

Good (Q>10)

56%

Acceptable (4<Q<10)

44%

(b) WS C-Pilot

Figure 5.5: Rock quality distribution for ES C-Pilot and WS C-Pilot.

As seen in Figure 5.4 and Figure 5.5 ’Acceptable’ rock quality stands for the ma-
jority of the rock quality conducted when studying all four tunnels. However, the
WS C-pilot are still in the progress of rock excavation and therefore only the Q-base
values were available for information. As known, the Q-base value are usually higher
than the Q-value due to Q-base not taking all parameters to account. Hence, it is
important to mention that this tunnel distance can, in a later stage, be determined
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with lower rock quality than this case study has calculated for.

5.3 Overbreak Distribution
Due to the majority of acceptable rock quality in the tunnels studied it was decided
to base the thesis’ calculations of the tunnelling process in only acceptable rock
quality. Therefore, the information gathered from the scannings of the performed
tunnels, as illustrated in the Figure 5.6 and Figure 5.7, was only of the overbreak in
relation to the Q-values of acceptable rock quality for the four tunnels.

(a) ST 101 section 1/277 (b) ST 207 section 0/123

Figure 5.6: Illustrations of the overbreak distribution, in acceptable rock quality,
for Rock Excavation Class 3 .
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(a) ES C-Pilot section 461/136 (b) WS C-Pilot section 460/949

Figure 5.7: Illustrations of the overbreak distribution, in acceptable rock quality,
for Rock Excavation Class 1 .

The overbreak studied in the scannings, together with the determined Q-values
within acceptable rock quality from the engineering geological mappings, resulted
in the two boxplots for each rock excavation class shown in Figure 5.8. Here one can
see the result that the distribution in overbreak varies non-linear to the Q-value.
The boxplot further shows the distribution of overbreak for the median (line), the
upper limit and lower limit (the box) as well as the average value (marked as x in
the figure).
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(a) Overbreak distribution for Rock Excavation Class 3

(b) Overbreak distribution for Rock Excavation Class 1

Figure 5.8: Distribution of overbreak for the varied Q-values in range of the rock
quality Acceptable in both rock excavation classes.

The two box-plots shown in Figure 5.8, resulted in two summarised box-plots for the
total overbreak distribution, in each rock excavation class, for all the Q-values put
together in the range of the acceptable rock quality. These are shown in the Figure
5.9.
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Figure 5.9: Illustrations of the overbreak distribution for the summarised Q-values
in the range of rock quality Acceptable in both rock excavation classes.

The summarised box-plots resulted in total values in overbreak for each rock exca-
vation class in the rock quality acceptable. For Rock Excavation Class 3 the total
median overbreak was 23%, the upper limit was 31%, and the lower limit was 18%.
As seen for the Rock Excavation Class 3, the total value in outcome of overbreak
varied with 13% for Q-values in the range of rock quality acceptable. Moreover, for
Rock Excavation Class 1 the total median value of overbreak was 9%, the upper
limit was 11%, and the lower limit was 7%. Hence, the range in overbreak for Rock
Excavation Class 1 varied with 4% for Q-values in the range of rock quality accept-
able. The results from the total outcome in overbreak for each rock excavation class
are shown in Table 5.1.

Table 5.1: Total outcome in overbreak for Q-values in the range of rock quality
acceptable.

Overbreak Rock Excavation Class 3 Rock Excavation Class 1
Median 23% 9%
Upper limit 31% 11%
Lower Limit 18% 7%

5.4 Input Variables
Previous results showed that the majority of the distance in all four tunnels had Q-
values in the range of rock quality "Acceptable". Hence, the rock quality was added
as a fixed variable. The case study resulted in several similarities that generated
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fixed variables. Thus, the fixed variables can be found in Table 5.2 and was later
applied to the cost calculation and climate impact estimation.

Table 5.2: Fixed variables for the tunnel

Parameter Dimension or Class
Rock Quality II
Reinforcement II-A
Grouting class I
Tunnel profile 100 [m2]
Tunnel Length 80 [m]
Theoretical tunnel cubic 8000 [m3]
Blasting length 5 [m]
Number of grouting & reinforcement cycles 4 [pcs]
Number of blasting cycles 16 [pcs]
Perimeter profile 25 [m]
Theoretical surface area 2000 [m2]
Density rock 2,7 [ton/m3]
Thickness shotcrete 0,06 [m]

5.5 Cost calculation
The cost calculation were based on a combination of the provided results in the case
study, experience and information gathered from the project, as well as industry
standard values. However, all the costs provided are fictitious but the differences
between them are authentic. This since the differences lays the basis for the com-
parison between the two rock excavation classes. Moreover, the activities which were
observed to differ between the two studied rock excavation classes were the activities
drilling, charging, mucking, scaling, and reinforcement with shotcrete. Furthermore,
the activities grouting and reinforcement bolts resulted to not differ between the
two studied rock excavation classes.

5.5.1 Material & Subcontractor cost
The costs concerning materials & sub-contractors for the two studied rock excava-
tion classes included the direct costs for the different activities. The result of the
cost calculation for materials & subcontractors indicated that the activities that dif-
fers in cost between the two studied rock excavation classes were drilling, charging,
mucking, and reinforcement shotcrete. Moreover, grouting, scaling and reinforce-
ment bulting was found to not differ between the two rock excavation classes and
were therefore disregarded. In median overbreak this result can be seen in Figure
5.10.
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Figure 5.10: Differences in Material & Subcontractor costs [SEK/m3] for the ac-
tivities that differ depending on the median overbreak for Rock Excavation Class 1
and 3.

Concerning the drilling, the material cost varied between the two rock excavation
classes regarding the drill steel, where Rock Excavation Class 1 required a higher
cost due to the higher amount of drilling holes and thereby a longer drilling dis-
tance for each blasting cycle. The material cost for Rock Excavation Class 1 was
also higher for charging and blasting due to that more drilling holes were needed
to be charged but also since the explosives required in the contour holes for Rock
Excavation Class 1 was more expensive. Further, the mucking, which in this study is
the subcontractor cost, differ between the two studied rock excavation classes. This
since Rock Excavation Class 3 required more mucking due to the larger amount of
overbreak generated and thereby a higher amount of rock mass was needed to be
loaded and transported compared to Rock Excavation Class 1. The higher amount of
overbreak for Rock Excavation Class 3 also generated higher costs for material, as a
result of the extra shotcrete that was needed to reestablish the desirable theoretical
tunnel profile.

5.5.2 Time Analysis
The analysis of the time to perform tunnelling indicated that the activities which
differed in time between the two studied rock excavation classes were: Drilling,
Charging & Blasting, Mucking, Scaling, and Shotcrete. An illustration of this, for
80 meters tunnel, can be seen in Figure 5.11. Furthermore, the activities Mucking
and Shotcrete were found to be the only two activities that variate depending on
the amount of overbreak. Hence, the time for the other activities stayed the same
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regardless of the amount of overbreak outcome.

Figure 5.11: Time distribution in hours, for performing rock excavation with each
rock excavation class, with median overbreak, for 80 meters tunnel in acceptable
rock quality.

The total time it takes to execute 80 meters tunnel, in acceptable rock quality with
median overbreak, was found to be 33.7 days in Rock Excavation Class 3 and 35
days in Rock Excavation Class 1. For the upper limit in overbreak, Rock Excavation
Class 3 took 34.3 days to perform and for Class 1 35.1 days. For the lower limit,
Rock Excavation Class 3 was calculated to take 33.3 days to perform and for class
1 34.9 days. The time for the two rock excavation classes difference is visualised in
Figure 5.12.
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Figure 5.12: Total time distribution in hours, for performing rock excavation with
each rock excavation class for 80 meters tunnel in acceptable rock quality.

5.5.3 Total Cost for each Rock Excavation Class
The outcome from the differences between the two rock excavation classes in ma-
terial and time, resulted in that the cost for time, i.e cost for resources, stands for
approximately 80% of the total costs in both rock excavation classes. Hence, the
cost for materials and subcontractors stands for 20% of the total cost. How the cost
for resources stands in relation to the direct cost, i.e materials and subcontractor,
regarding the total costs of the tunnelling process for each rock excavation class are
presented in Figure 5.13 below.

Materials & subcontractor

20%

Resources

80%

Figure 5.13: Relation in cost between resources and material & subcontractor costs

The cost calculations for material & subcontractor and resources resulted in a to-
tal cost for the two studied rock excavation classes depending on the outcome in
overbreak. It was shown that a tunnel performed with rock excavation class 1 was
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more expensive than rock excavation class 3, in a tunnel of 80 meters performed in
acceptable rock quality. Thus, with median overbreak rock excavation class 1 are
2.1% more expensive than rock excavation class 3. For upper limit rock excavation
class 1 are 0.3% more expensive and for lower limit 3.1% more expensive. The result
of the total costs for each rock excavation class based on the outcome of overbreak
is illustrated in Figure 5.14.

Figure 5.14: Total costs in SEK/meter tunnel, for the tunnelling process.

5.6 Climate Impact Estimation
The following section presents the results conducted from the Climate Impact Es-
timation in the contract Korsvägen, Project Västlänken. This is performed in the
Climate Impact Tool developed by the Swedish Transport Administration.

The results produced by the Climate Impact Estimation showed that a tunnel con-
struction of 80 meters with Rock Excavation Class 3 and median overbreak created
emissions of 224.8 tons CO2 equivalents as shown in Figure 5.15. Regarding Rock
Excavation Class 1, a tunnel construction gave a climate impact of 201.8 tons of
CO2 equivalents. This showed a difference between the two studied rock excavation
classes of 23 tons of CO2 equivalents. Accordingly, Rock Excavation Class 1 had a
lower climate impact concerning CO2 equivalents.
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Figure 5.15: CO2 Equivalents in tons for 80 meter tunnel depending on the different
Rock Excavation Classes

The distribution of the CO2 equivalents divided between diesel, cement, steel, ex-
plosives, crushed aggregate, and electrics for both rock excavation class was similar.
The result showed that the distribution between the involved components did not
vary between the two studied rock excavation classes even though a construction
with Rock Excavation Class 3 had a total of a higher amount of CO2 equivalents.
The distribution are shown in Figure 5.16

Explosives + Other
5.5%

Steel
8.0%

Cement

41.5%

Diesel

45.0%

Figure 5.16: Distribution between the different components CO2 amount for both
Rock Excavation Class 1 and 3.

This resulted in that cement and diesel were the two biggest contributors to CO2
equivalents for tunnelling. The differences in transports and shotcrete between the
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two rock excavation classes was summarized in Figure 5.17 and Figure 5.18. Impor-
tant to mention is that this is only the result from the transport for rock masses and
the amount of shotcrete used in the tunnelling process. Thus, this does not consider
the transport involved in the production of the materials nor the cement used in the
Pre-grouting.

Figure 5.17: Number of transport for the rock mass generated from 80 meters
tunnelling for each rock excavation class.

Figure 5.18: Amount of shotcrete for from 80 meters tunnel in each rock excavation
class.
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The following section presents the results conducted from the interview study in the
E05 contract Korsvägen. The section is divided by three identified subjects based
on the analysis of the qualitative data. The following three themes were identified:

1. The choice of Rock excavation class and its impact on overbreak, cost & time
2. The risks concerning the tunnelling process
3. Sustainability in rock excavation, in the contract Korsvägen

6.1 The choice of Rock excavation class
The subject regarding how the choice of rock excavation class affect the tunnelling
process consider its affect on overbreak, cost, and time. Further, the advantages and
disadvantages for the two rock excavation classes are elaborated.

6.1.1 The impact on Overbreak
Many interviewees determined that the outcome of overbreak is associated with the
geological conditions. In good geological conditions the rock excavation classes are
highly related to the outcome of overbreak. All interviewees answered that Rock
Excavation Class 3 generates a larger amount of overbreak since the larger amount
is a result of the bigger damage zone created when blasting. Hence, many intervie-
wees highlighted that the overbreak outcome is smaller in Rock Excavation Class
1. This since in good geological conditions Rock Excavation Class 1 will generate
a smoother blasting and by that a more precise tunnel profile closer to the desired
theoretical one, due to its drilling and charging. Therefore, Rock Excavation Class
1 is argued to be preferable to use when the amount of overbreak is critical due to,
for example, later concrete works:

“In good rock conditions there can be a big profit in using Rock Excavation Class 1
instead of class 3 when it comes to the amount of overbreak. This since Rock Exca-
vation Class 1 generates more precise tunnel profiles.” - N2

However, in bad geological conditions, several interviewees argued that it can be
hard to see the relationship between overbreak and the choice of rock excavation
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class. This since in bad geological conditions the precision of the tunnel profile is
hard to control. One interviewee highlighted that in bad geological conditions it
does not matter how precise the drilling is, still it will be hard to see differences
between the two rock excavation classes. Hence, all interviewees argued that in bad
conditions the overbreak will happen anyway:

“It is the rock quality that governs the outcome. In good rock quality the Rock Ex-
cavation Class 1 is more favorable since the drilling of the rock excavation class
optimises the tunnel profile. However, if the rock quality is bad, the effect of using
Rock Excavation Class 1 becomes less significant. Hence, the result will be a worse
end product anyway, even if you try to drill and charge more carefully.” - S1

On the contrary, it was highlighted that the client usually orders Rock Excavation
Class 1 in bad geological conditions, since they argued that it still exists a notice-
able difference in overbreak between the two rock excavation classes. Hence, it was
evident that there exists different opinions regarding the relationship between rock
excavation classes and overbreak distribution.

6.1.2 The impact on Cost
In good geological conditions, where Rock Excavation Class 3 tends to generate more
overbreak, the interviewees explain that Rock Excavation Class 3 lead to higher costs
for mucking and usage of shotcrete. Moreover, the interviewees mention that the ma-
terial costs for Rock Excavation Class 1 are lower than for Class 3. This since, there
are less time spent on mucking, scaling, and reinforcement due to the smaller amount
of overbreak. Further, the interviewees highlight that Rock Excavation Class 1 gen-
erates more material costs in drilling steel compared to Class 3, due to the extra
drilling required for Class 1. However, the cost for drilling steel is small compared to
the cost for mucking, scaling and reinforcement. Some interviewees also mentioned
that the explosives used in Rock Excavation Class 1 are more expensive than the
explosive used for Class 3.

Furthermore, one interviewee highlighted that the overhead costs are the biggest
costs for the project. This since, the site offices, wages and other indirect costs gen-
erates large expenses for the project. One interviewee also highlighted that some
costs, regarding tunnelling and how they are connected to the choice of rock ex-
cavation class, may be hidden and not be detected until the excavation is already
performed. A summary of the interviewee’s answers regarding advantages and dis-
advantages for how the two rock excavation classes affect the cost and progress in
the tunnelling process are shown in the Table 6.1 and Table 6.2 below.
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Rock Excavation Class 1

Pros Cons
Generates less overbreak –> Mini-
mized damage zone
Less mucking –> less time spent on
mucking
Less scaling –> less time spent on scal-
ing & easier for the workers
Less reinforcement –> less time & ma-
terial spent on scaling
Result closer to desirable tunnel profile
Higher end quality
Better conditions for the subsequent
works

Higher risk for health & safety condi-
tions for the workers
Risk for undetonated explosives
Higher risk for intrusion & re-blasting
Increased cost of explosives
Inefficient execution & tunnelling pro-
cess
More drilling –> higher noise & vibra-
tions
More time on charging

Table 6.1: Pros and Cons of Rock Excavation Class 1

Rock Excavation Class 3

Pros Cons
Better health & safety conditions for
the workers
Lower risk for intrusion and re-blasting
Decreased cost of explosives
More efficient execution and tun-
nelling process –> Much more estab-
lished and standardized in the indus-
try –> Takes shorter time to execute
–> more experience
Less drilling –> lower noise & vibra-
tions
Less time on charging

Generates more overbreak –> higher
damage zone
more mucking –> more time & costs
spend on mucking
more scaling –> more time spent on
scaling & easier for the workers
more reinforcement & shotcrete –>
more time & more material spent on
scaling
Risk for not fulfilling the desired tun-
nel profile
Risk for lower end quality
Worse conditions for the subsequent
works

Table 6.2: Pros and cons of Rock Excavation Class 3
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6.1.3 The impact on Time
The majority of the interviewees agreed on that drilling is the activity that affects
the tunnelling progress the most. This since drilling generates vibrations, structural
borne sounds, and noise which is a challenge in dense urban areas and causes time
restrictions for when you are allowed to perform the drilling. Accordingly, several
interviewees highlighted that Rock Excavation Class 1 causes longer drilling times
and may, in combination with the time restrictions, have a negative impact on the
overall tunnelling process. Thus, the Rock Excavation Class 1, is seen by the inter-
viewees, as more ineffective which they believe has a negative impact on the final
cost when tunnelling:

“Drilling can have a big impact on the tunnelling progress. In the worst case, it could
be that you lose almost an entire cycle and must start over.” - N2

One of the interviewees pointed out that minimising the drilling angle, meaning
lowering the distance between c and d as Rock Excavation Class 1, will generate a
tunnel profile closer to the theoretical one. This in turn may lower the time needed
for the activities mucking, scaling, and shotcrete, since minimising the drilling angle
will generate less rock mass to transport, scale, and a smaller surface to cover with
shotcrete. However, the interviewees continue with highlighting that minimising the
drilling angle will increase the risk of intrusion, which affects the tunnelling process
in terms of cost and time. This since the intrusion need to be handled and as a
result cause disturbances in the tunnelling process. Furthermore, the interviewees
problematise this relationship between advantages and disadvantages in optimising
the drilling and mentions that the contractor needs to find a balance that is suitable
for the conditions of the project:

“So, it is everyone’s interest to optimise the drilling. But there exists a sensitive
limit, when you have troubles with intrusion instead, which is not financial either...
so this is a balance act which is very difficult” - S1

On the contrary, the interviewees mention that to minimise the risk of intrusion,
the drilling angle is instead increased as in Rock Excavation Class 3. Nevertheless,
they highlight that this may also have negative impact on cost and time since in-
creasing the drilling angle will generate more overbreak. Since the contractor only is
compensated for the theoretical amount of excavated rock and not for the generated
overbreak this leads to increased costs. The amount of overbreak affect the tunnel
progress in terms of extra time due to the increased transports of rock mass, extra
need for scaling and shotcrete. However, they highlight that the mucking usually is
performed during night-time which does not disturb the tunnelling progress as much
as extra drilling would do. Instead, they highlight that mucking is expensive due to
payment of transports.
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6.2 The risks concerning the tunnelling process
The subject of risks when performing rock excavation in the contract Korsvägen
consider a reflection on what risks that may occur when performing rock excavation
and how the risks can depend on the choice of rock excavation. Further, the biggest
risk area in the contract Korsvägen is also reflected upon and why that area is con-
sidered as crucial.

6.2.1 Risks with performing rock excavation
As seen in Table 6.1, all interviewees answered that “worse geological conditions
than expected” are the biggest risk for unexpected costs when performing rock ex-
cavation. They further explained that the geological conditions are a risk that may
result in large consequences and lead to other risks. One risk the interviewees men-
tioned worse geological conditions may lead to is the “need for additional rein-
forcement measures”, which was ranked as the second biggest risk for unexpected
costs when performing rock excavation. Further they mention that measures as pre-
reinforcement, limited blasting distances or pilots are measures that often reduces
the progress capacity since the planning are established on the tunnels process for-
ward in meters. Some interviewees mentioned that the more measures that needs
to be taken, the more time consuming will the progress become, and the efficiency
of the tunnelling process will thereby drop, which they state will affect the final cost.

Figure 6.1: Summary of how the interviewees ranked the risk for unexpected costs
when performing rock excavation.

The third biggest risk was distributed differently between the participants, as seen
in Table 6.1. For example, three of the interviewees put ’large amount of overbreak’
as the third biggest risk, while two others instead put the risk of ’not meeting the
customer´s requirement for the desirable tunnel profile’. Moreover, one interviewee

61



6. Results Interview Study

put ’machinery breakdown’ and another ’intrusion’ as the third biggest risk for un-
expected costs in tunnelling. However, many interviewees mentioned that many of
the risks are closely related to each other:

“I get the feeling that the geological conditions have the greatest consequences. It
steers all the other risks on this list, as the risk to not meet the desired tunnel pro-
file and the need for extra reinforcement measures, but also the risk for overbreak. I
believe they all come together.” - N1

Another important risk that was highlighted by several interviewees was the risk
in health & safety for the construction workers. One interviewee mentions that the
reinforcement with bolts, that is independent of the choice of rock excavation class,
is a risky activity to construction workers health since it requires heavy manually
works. However, some interviewees mentions that Rock Excavation Class 1 affects
health & safety of the construction workers since it requires manually work above
the shoulder to charge the explosives. Further, several interviewees especially men-
tioned the risks of falling rocks after blasting when scaling and during reinforcement
but also the effects of nitro-glycerine on the construction workers causing headaches:

“If you use the explosive Gurit, used in Rock Excavation Class 1, there is an in-
creased risk for the workers’ health. This since the nitro-glycerine has the effect
called “dynamite head” making the workers blood pressure go down.” - N3

Furthermore, some interviewees mentioned even more risks when performing rock
excavation. For example the risks for affecting third parties and the risk in delay
due to time restrictions for drilling, blasting, and vibrations. Two interviewees also
mentioned the risk

6.3 Sustainability in rock excavation, in the con-
tract Korsvägen

The subject of sustainability in rock excavation in the contract Korsvägen consider
how the tunnelling process affect sustainability and how the choice of rock excavation
class can affect the climate impact. The interviewees got the opportunity to reflect
on the possibilities and the challenges that exist regarding sustainability and rock
excavation. Important to notice is that none of the interviewees have responsibilities
regarding or are experts on NCC´s and the Swedish Transport Administration´s
environmental works. Accordingly, the results must be viewed and determined as
speculations.
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6.3.1 How the tunnelling process affects sustainability
The majority of the interviewees thought that concrete, which includes cement and
steel, and the transportation of rock mass are the highest contributors to CO2 emis-
sions in the tunnelling process:

“Concrete is probably one of the largest contributors to the tunnelling process neg-
ative climate impact. This since the shotcrete contains cement and steel. Then, of
course, transport of rock mass also has a very large climate impact.” -M1

Many interviewees also answered that the amount of concrete and transportation
are highly related to the amount of overbreak and choice of rock excavation class.
This since overbreak generates a larger amount of rock mass and that later needs
to be filled with shotcrete in order to succeed with the clients’ requirements on
the desirable tunnel profile. Furthermore, some interviewees discussed that, despite
transportation and shotcrete, the explosives used when charging generates a negative
impact on the climate due to the nitrogen emissions. Moreover, some interviewees
also mentioned that they thought that leakage of hydraulic oils, other chemicals
and lowering of groundwater levels affect the climate negatively. One interviewee
also highlighted that the blasting generates micro-plastics, which may also have a
negative impact on the climate, but perhaps is not so often thought of.

Several of the interviewees also mentioned that structure-borne sound generated
from drilling, noise from scaling, and vibrations from blasting contribute to the
surrounding of the project negatively. Some mentioned how the tunnelling process
for example affect surrounding buildings due to the vibrations and the lowering in
groundwater causing settlements. Others mentioned that the consequences of drilling
and blasting affect third parties, such as citizens, in Gothenburg negatively due to
the vibrations and noise generated when tunnelling.

6.3.2 Climate impact of rock excavation classes
Most of the interviewees thought that the reason behind the choice of rock exca-
vation class did not have anything to do with the climate impact. Instead, many
discussed the incitements behind the choice of rock excavation class for the con-
tractor. They referred to that the contractor has a large possibility to optimise the
tunnel profile and decrease the amount of overbreak. Overall, all interviewees agreed
upon that the reason behind the choice of rock excavation class today is not made
in concern to the climate impact, but they thought that this could be an incentive
for the choice between them in the future.

When the interviewees got the question if the client could order a specific rock exca-
vation class concerning the climate impact of tunnelling, there were mixed opinions.
One interviewee thought that the client already has high regulations on the contrac-
tor concerning climate impact, while another interviewee thought the opposite, that
the client instead can make that demand on the contractor:
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“Yes, the client could do that. But as I mentioned before, it depends on the geological
conditions. In areas where you know there are good rock conditions, the client could
order Rock Excavation Class 1 to get a better result with less overbreak. However,
in bad rock conditions, the risk in outcome is unsure.” - M3

Furthermore, one interviewee highlighted that the regulations the client set on the
contractor regarding climate impact is a difficult balance in such a complex project
as Korsvägen, since the consequences can be unknown. But in the end, all the inter-
viewees agree that this decision lies with the client.
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This chapter contains an analysis performed by an interpretation of the results in
relation to the frame of reference. The analysis will be presented in three sections
based on the following research questions:

• Section 7.1: How does the choice of rock excavation class affect the outcome
of overbreak when performing rock excavation in contract Korsvägen?

• Section 7.2: How does the two studied rock excavation classes affect the out-
come of cost and sustainability when performing rock excavation in contract
Korsvägen?

• Section 7.3: What are the risks with regard to cost and sustainability for the
two studied rock excavation classes when performing rock excavation in con-
tract Korsvägen?

7.1 How the choice of rock excavation class affects
the outcome of overbreak

As seen in the result of the interview study, Rock Excavation Class 1 and 3 are op-
posites of each other when it comes to their advantages and disadvantages. From the
results of the interview study, it is evident that in good geological conditions, Rock
Excavation Class 3 generates more overbreak and has a bigger damage zone than
Rock Excavation Class 1. This goes in line with the frame of reference since Olofsson
(2017) mentions that Rock Excavation Class 1 often generates less overbreak, as the
damage zone is smaller than for Rock Excavation Class 3. This corresponds with the
results from the case study that showed that Rock Excavation Class 3 has a larger
overbreak distribution in acceptable rock quality than Class 1. As seen in Table 5.1
Rock Excavation Class 1 and Rock Excavation Class 3 have a difference in median
overbreak of 14 percentage points.

However, it is evident that in bad geological conditions the outcome in overbreak,
depending on the choice between the two rock excavation classes, is complicated and
can be discussed. Thus, based on Olofsson (2017) one can argue that in bad rock
conditions rock excavation class 1 can be a preferable technique due to the smaller
damage zone. On the other hand, Foderà et al. (2020) argue that in bad geological
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conditions the overbreak will happened anyway. This is more in line with the result
of the interview study, since many of the interviewees highlighted that the outcome
of overbreak in bad geological conditions may not differ between the two studied
rock excavation classes. Regardless, the result of the case study was only based on
the overbreak distribution in acceptable rock quality. Thus, in this thesis, the rela-
tionship between the outcome of overbreak and the choice of rock excavation classes
in bad rock quality is not investigated. Accordingly, it is not possible to investigate
this hypothesis further. Therefore, a conclusion cannot be drawn that the choice of
rock excavation class does not matter in terms of overbreak distribution in bad rock
quality, since our case study proves the opposite.

Furthermore, the phenomenon of overbreak and its relationship to the choice of rock
excavation class is an important subject that should be even more investigated in
practice. This since this thesis only provides result of the outcome in terms of ac-
ceptable rock quality based on the values of four tunnels. It is important to consider
that the contract Korsvägen is an ongoing project and that these was the values that
was available. Although, the result showed that the relationship between overbreak
and rock quality is not linear, meaning that there is not only the rock quality that
affect the outcome of the overbreak. Hence, as the frame of reference mentions the
drill- and blast technique may also have a big influence on the amount of overbreak
(Foderà et al., 2020; Karlzén & Johansson, 2011; Olofsson, 2017) which is something
that could be investigated even further.

7.2 How the two studied rock excavation classes
affect the outcome of cost and sustainability

This section contains an analysis regarding research question number two, based on
the results presented in chapter five and six and the knowledge gained in frame of
reference. The analysis are divided between costs and sustainability.

7.2.1 Costs
The majority of the interviewees argued that it is in the contractor’s interest to be
as close to the theoretical tunnel profile as possible. This mainly due to that the
contractor only gets paid on the theoretical amount of excavated rock. Accordingly,
the amount of overbreak generated from the blasting is a direct loss of revenue for
the contractor. This is agreed upon in the literature, both Karlzén and Johansson
(2011) and Olofsson (2017) argues that overbreak generates a high cost for the con-
tractor. This since the higher amount of overbreak involves more blasted rock that
need to be handled, transported, and later be replaced with shotcrete, which all
gives rise to additional costs. Accordingly, the literature argue, that overbreak are
caused due to both geological conditions and the drill- and blast technique. Thus,
the amount of overbreak can be minimised by optimising the drilling angle (Karlzén
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& Johansson, 2011; Foderà et al., 2020; Olofsson, 2017), but also by extending the
geological mapping prognoses (Foderà et al., 2020). Accordingly, there is a balance
that is needed between the drilling angle and the charging. This to minimise the ex-
pected overbreak outcome as the interviewees also agreed upon. In acceptable rock
quality, as studied in this thesis, minimising the distance between c and d would
optimise the tunnel profile for both rock excavation classes and lower the amount
of overbreak. Less amount of overbreak would in turn lower the cost for mucking,
scaling and reinforcement as seen for Rock Excavation Class 1 in the cost calculation.

As mentioned by Olofsson (2017) the activities blasting and reinforcement, are the
two activities that affect the direct costs the most. This is also evident in the cost
calculation, where mucking and the shotcrete used for reinforcement are two of the
biggest direct costs in the tunnelling process. The results of the cost calculations
shows that the large amount of overbreak caused by Rock Excavation Class 3 gen-
erates additional costs for reinforcement. The amount of overbreak also results in
increased costs for mucking since it generates a larger amount of excavated rock mass
which needs to be transported. The transports are paid for, as mentioned related
to the amount of excavated rock mass, to a subcontractor. Thus, a difference in 14
percentage points, as seen in the case study of median overbreak between the two
studied rock excavation classes, implies a big difference in costs and time between
the outcome of mucking and reinforcement.

If the project with an approximate of 650 000 cubic meters excavated rock mass
stands for a total of eleven Scandinavium, one need to put the difference of 14%
overbreak in a larger perspective. 14% more overbreak then stands for approximate
two additional Scandinavium filled with rock mass for Rock Excavation Class 3.
As evident, Rock Excavation Class 3 has the most expensive direct costs. These
costs then exceed the extra cost Rock Excavation Class 1 generates with the more
expensive explosives and the extra drilling steel. Hence, Rock Excavation Class 3 is
more expensive in terms of direct costs, i.e. material costs and subcontractors, since
Class 3 involves more mucking and shotcrete, which is connected to the amount of
overbreak. Accordingly, one can understand that the amount of overbreak is a large
cost for the contractor. This agrees well with the literature since Olofsson (2017)
also specifies that the amount of blasted rock outside the theoretical tunnel profile is
the interesting aspect in terms of additional costs. On the contrary, this was proven
in the cost calculation to not affect the final total cost.

Even if the two activities mucking and reinforcement are the biggest direct costs,
the result of the cost calculation shows that the cost for time is the most crucial in
the tunnelling process. This since resources stands for 80% of the total costs, while
cost of material & subcontractor stands for 20%. It was found in the cost calcu-
lation that Rock Excavation Class 1, in median overbreak, is 2.1 percentage more
expensive than Rock Excavation Class 3. This since it takes approximately one day
longer to execute 80 meters of tunnel in Rock Excavation Class 1 compared to Class
3. The activities that resulted in generating extra time for Rock Excavation Class 1
were the time for drilling and charging. Accordingly, the time for these two activities
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exceeds the extra time for mucking and shotcrete done in Rock Excavation Class
3. Hence, this agrees with the results from interview study since the interviewees
argued that Rock Excavation Class 3 is more production effective than Rock Ex-
cavation Class 1. This also goes in line with the Frame of Reference as well since
Lindén and Josephson (2013) states that the production efficiency of the tunnelling
process is crucial since the indirect costs need to be paid for even if one activity
causes a standstill.

It is in both the client’s and the contractor’s interest to make sure that the resources
used in the tunnelling process are well distributed to make the production efficiency
as effective as possible and by that minimise the total costs. All interview partici-
pants agree with this and highlight that the resources need to be used as optimal
as possible. This since the differences in the time it takes for the blasting cycle can
have a big consequences if not a machine or a construction worker can be maximal
used. This is agreed by Paraskevopoulou and Boutsis (2020) who mentions, that the
tunnelling process is sensitive to disturbances and these disturbances will generate
additional costs, that in the end may cause cost overruns in the project. As seen,
Rock Excavation Class 1 generates 1.3 day’s extra production time for 80 meters
tunnel in median overbreak distribution compared to Class 3. In the bigger perspec-
tive, the total production of the whole tunnel length in the project, the additional
time results in that Rock Excavation Class 1 will take 52 days extra to execute com-
pared to Rock Excavation Class 3. This corresponds, with full production, to over
2.5 months of extra production time. Important to highlight is that this is only extra
time in excavating the rock mass for 80 meters tunnel. Thus, after the excavation
later parts of the construction phase need to have access to the tunnel in order to
start with the subsequent work.

Furthermore, one can discuss the incentives of when the one class should be used
before the other and how the choice of rock excavation class may affect the total cost
of the tunnelling process in the contract Korsvägen. This since many interviewees
pointed out that there is an incentive for using Rock Excavation Class 1 when it is
crucial to reach the desirable tunnel profile due to subsequent work. In acceptable
rock quality, the case study showed that using Rock Excavation Class 1 will gener-
ate a higher precision of the tunnel profile compared to Rock Excavation Class 3.
Accordingly, it is evident that the extra time generated only by choosing the Rock
Excavation Class 1 is more expensive than the more efficient Rock Excavation Class
3, but this depends on what subsequent works that comes next. Hence, sometimes
it can be hidden additional costs if the focus is only on production efficiency and
not the final quality. Therefore, this is a highly important aspect to consider for all
involved parties in this big complex project, since the production efficiency and the
time frame is crucial in succeeding and staying within the estimated budget as the
literature also implies (Bruzelius et al., 1998; Paraskevopoulou & Boutsis, 2020). At
the same time, the quality of the tunnel profile is also highly important.

Nevertheless, this thesis only focuses on the cost generated in the tunnelling process.
Hence, it is not investigated if the extra damage zone created by Rock Excavation
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Class 3 provides any other consequences in costs for later constructions. Perhaps,
that extra damage zone generated by Rock Excavation Class 3 takes more time to
repair than the 2.5 months of extra production time Rock Excavation Class 1 gener-
ates. Accordingly, this thesis does not involve those possible consequences, although
they are important to highlight since they do in fact exist.

7.2.2 Sustainability
As seen in the result of the climate impact estimation, mucking and shotcrete are
the two activities in the tunnel process that contributes the most to CO2 equiva-
lents. This goes in line with Fossilfritt Sverige (2018), who argues that the usage of
cement, steel and the number of transports to and from the construction site are
the largest contributor to CO2 emissions during the construction phase. Henceforth,
the interview study shows that the majority of the interviewees thought that the
transports and usage of shotcrete are the largest contributors to climate impact in
the tunnelling process. As evident, one can conclude that mucking and shotcrete
are the two activities in the tunnelling process that generates most CO2 equivalents.
Moreover, the climate impact estimation shows that Rock Excavation Class 3 gener-
ates 23 tons more CO2 equivalents, which corresponds to 97 pcs of extra transports,
and 280 square meters extra shotcrete, on a tunnel length of 80 meters. This since,
as mentioned, Rock Excavation Class 3 usually generates a higher amount of over-
break, which in turn has the consequence of more transportation and more usage of
shotcrete to achieve the desirable tunnel profile set by the client.

Furthermore, one need to put the CO2 equivalents in a larger perspective. The to-
tal length of the tunnel in E05 contract Korsvägen is approximately 3,2 kilometers.
This shows that Rock Excavation Class 3 generates approximately 920 tons more
CO2 equivalents than Rock Excavation Class 1. One can argue that this is a large
number, but as shown in Figure 7.1 (Naturvårdsverket, n.d.-a), in an even larger
perspective, this is a small number compared to how much the rock tunnel part of
E05 Contract Korsvägen is estimated to generate. However, hopefully the project
Västlänken will contribute to an minimisation of CO2 emissions for travels in the fu-
ture. This since more people, that today may use the car, will have the opportunity
to travel by train instead, which will provide opportunities to connect communities
as well. This is often the case when calculating a climate impact estimation of a
project, to determine how the emissions generated during the construction phase
will be compensated after the construction is finalised.
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Figure 7.1: The CO2 equivalents generated by the two studied rock excavation
classes in median overbreak for 3.2 km of tunnels, compared to the estimated for
rock tunnel E05 Korsvägen.

Moreover, it would be interesting to investigate the possibilities to urge the incen-
tives for contractor to lower the rock excavation’s climate impact. An option could
be for the client to offer a reward to the contractor if the contractor minimise the
amount of overbreak and thereby lower their climate impact. This to encourage and
drive the incentive to perform more optimised rock excavation, with lower climate
impact, even further. One suggestion could be to divide the reward geographically
or by contract area. This since some geological areas are more challenging than
others, due to the differences in geological conditions, and since each contract area
in Västlänken has different contractors with individual incentives. Nevertheless, as
mentioned before, every contractor has the incentive to be as close to the theoreti-
cal tunnel profile as possible, since the contractor only gets paid for the theoretical
amount of excavated rock. By that, theoretically one can argue that the contractor
should be interested in minimising the amount of overbreak, without an extra re-
ward for it. However, this is not the case, since the contractor is interested in being
production efficient to both lower the production costs and the time. As evident in
the results, it is more expensive for the contractor to use Rock Excavation Class 1,
which as shown has a lower CO2 emissions. This compared to use the more efficient
Rock Excavation Class 3, with higher CO2 emissions. Hence, to increase the incentive
for the contractor to use Rock Excavation Class 1, the climate reward would need
to cover the extra cost that Rock Excavation Class 1 will generate for the contractor.

Comparatively, the complexity of sustainability needs to be taken into consideration.
Hence, the rock excavation classes impact on the other two perspectives social and
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economic need to be discussed. Regarding the economic perspective, the production
efficiency is an important aspect. As previously stated, it takes 52 days longer to ex-
cavate a tunnel of 3,2 kilometers, in median overbreak, with Rock Excavation Class
1, compared to Rock Excavation Class 3. The longer time for Class 1’s tunnelling
process results in a negative impact on the economic outcome. This since the longer
time for the tunnelling process implies a longer time of construction, which has a
negative impact on the community and society of Gothenburg, lowering the living
conditions for the inhabitants. As highlighted before, time is the most critical as-
pect to consider, and one need to discuss what extra construction time may generate.
Therefore, as seen in the cost calculation in the case study, it is not possible to avoid
the extra costs Rock Excavation Class 1 generates. This since the method requires
longer time for drilling and charging. Therefore, as for the economic perspective
of sustainability one could discuss if Rock Excavation Class 1 generates a higher
or lower value of the inhabitant’s tax money. This since it may be more ecological
sustainable, but the tunnelling process will take longer time and the higher capacity
of the railway system will be accessible later than if Class 3 was performed.

The health & safety aspects are an important aspect regarding social sustainability
and the results from the interview study indicates a considerable difference between
the studied rock excavation classes. The interviewees mentions that Rock Excava-
tion Class 1 has a negative impact on social sustainability due to the manual works,
often above shoulder height. Further the interviewees mentions the risks for con-
tamination of nitro-glycerine. Therefore, it is confirmed both by the interviewees
and the literature that Rock Excavation Class 1 causes a bad working environment
(Dyno Nobel Sweden AB, 2006; Swedish Work Environment Authority, 2007). This
indicate the importance of development regarding the Rock Excavation Class 1 if it
is not possible to follow the regulations in AMA, where Gurit is the only explosive
that obeys AMA. This needs to be feasible without compromise on the construction
workers working environment which seems not be possible as of today. Instead this
requires further development of Class 1.

7.3 The risks with regard to cost and sustainabil-
ity for the two studied rock excavation classes

It is evident, from both the literature and the interview study, that uncertainties re-
garding geological conditions are the biggest risk when performing tunnelling. This
since the actual geology cannot be determined until the tunnelling process starts,
as Paraskevopoulou and Boutsis (2020) argues. Accordingly, one can understand
that uncertain geological conditions lead to many other risks that consequently can
cause cost and time overruns. However, in the cost calculation, it was evident that
the geological conditions do not govern the outcome in cost. This since the cost for
time, independent on the amount of overbreak, stands for the biggest part of the
total cost. Nevertheless, one could see in the cost calculation that the amount of
overbreak has a negative effect on the direct costs and therefore it is possible to
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conduct that the geological conditions may affect the outcome of the total costs
for tunnelling. Although, it is important to mention, that the cost calculations are
based on Q-values in the range of acceptable rock quality, and do not consider the
risks with worse geological conditions further than that. Perhaps, in bad geological
conditions the direct costs will exceed the cost for the time, but this can only be
speculated upon.

Besides the big risks involved in uncertain geological conditions, the literature also
highlights the existing risks involved when controlling and keeping a high quality
on the drilling during rock excavation (Karlzén & Johansson, 2011; Olofsson, 2017).
From the interview study it is evident that Rock Excavation Class 1 generates a
higher risk for intrusion. When the contractor aims to optimise the drilling angle,
with using Rock Excavation Class 1 and thus minimise the amount of overbreak,
the risk for intrusion increases. This in turn may generate risks in disturbing the
tunnelling process, as mentioned by both the interviewees and the literature. Distur-
bances of the tunnelling process can cause major problems for all involved parties
(Eskesen et al., 2004; Isaksson & Stille, 2005; Paraskevopoulou & Boutsis, 2020).
In turn, this may affect the following activities or cause standstill which affects the
whole tunnelling process. This is one of the causes that may generate major cost
and time overruns (Paraskevopoulou & Boutsis, 2020). Hence, cost and time over-
runs may also have a negative influence on both economic and social sustainability.
Thereby choosing Rock Excavation Class 1 may risk to not enable consistent cash
flow, nor adding value to the society with providing services and connecting commu-
nities as Dyllick and Hockerts (2002), Harris (2003), and Pero et al. (2017) argues
are fundamental for economic and social sustainability. Furthermore, Rock Excava-
tion Class 1 also involves increased risks in health & safety aspects, as mentioned
which also needs to be evaluated in terms of social sustainability.

On the contrary, Rock Excavation Class 3 generates a higher risk for larger out-
come in overbreak, which as seen in the Climate Impact Estimation generates larger
CO2 emissions. Thus, Rock Excavation Class 3 may have a negative influence on
the environmental perspective due to the larger amount of emissions and usages
of material. Further, high climate impact contrasts with what Dyllick and Hockerts
(2002), Harris (2003), and Pero et al. (2017) argues is fundamental for environmental
sustainability. However, based on the results of the cost calculation, the interviewees
and from literature, the Rock Excavation class 3 is more production efficient. Thus,
one can question if choosing Rock Excavation Class 3 may enhance social and eco-
nomic sustainability in comparison to Rock Excavation Class 1. Nevertheless, the
larger amount of overbreak caused by using Rock Excavation Class 3 may increase
risks in not fulfilling the desirable tunnel profile set by the client. This may lead to
risks in increased cost due to the extra material that is needed. It may also lead to
hidden costs since class 3 in theory will increase the risk for larger damage zones.

Thus, one can understand that both rock excavation classes have different oppor-
tunities and challenges, and that all risks need to be analysed and reasoned when
choosing between them. The literature support this by highlighting that it is impor-
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tant for the organisation to consider all possible risk in tunnelling projects (Isaksson
& Stille, 2005). This is also supported in the interview study, since the interviewees
distributed the risk differently between them. Moreover, it is evident that risks in
tunnelling projects is complex and need to carefully be evaluated when choosing be-
tween different methods for rock excavation (Project Management Institute, 2017;
SveBeFo, 1999).
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8.1 Answering the Research Questions
How does the choice of rock excavation class affect the outcome of overbreak when
performing rock excavation in contract Korsvägen?

To answer how the choice of rock excavation class affects the outcome of overbreak,
one needs to consider the difference between Rock Excavation Class 1 and Class
3. As seen in the case study, the difference in overbreak concerning the two rock
excavation classes variate between 11 to 20%. It was proven that Rock Excavation
Class 3, with Q-values in the range of acceptable rock quality, has a larger overbreak
distribution than Rock Excavation Class 1. This depends on the difference in per-
formance, where Rock Excavation Class 1 is gentler, with more precision in drilling
and blasting. Furthermore, in worse rock quality, the relationship between overbreak
distribution and rock excavation class is complicated and needs to be further inves-
tigated in order to be concluded. Thus, it was evident that the relationship between
rock quality and overbreak is not linear and other factors, such as drilling angle and
charging amount, also have an influence on the outcome of overbreak. Nevertheless,
the case study only investigated the overbreak distribution in acceptable rock qual-
ity. To conclude, choosing Rock excavation Class 3, in acceptable rock quality, will
most likely generate a larger outcome in overbreak compared to choosing Class 1,
when performing rock excavation in the contract Korsvägen.

How does the two rock excavation classes affect the outcome of cost and sustainabil-
ity when performing rock excavation in contract Korsvägen?

As evident, Rock excavation class 3 generates a larger overbreak and was therefore
proven to be the most expensive choice in terms of direct costs. This since, the extra
overbreak generates additional costs for the activities mucking and in reinforcement
shotcrete. These additional costs exceed the direct costs for Rock Excavation Class
1, regarding extra drilling and more expensive explosives. However, even if the two
activities mucking and reinforcement are the biggest direct costs, it was evident that
the time in the tunnelling process is the most crucial aspect affecting the final cost.
This since the cost for resources stands for 80% of the total costs, while the direct
costs stands for only 20%. Accordingly, the production efficiency is an important
aspect that needs to be taken into consideration since the cost for resources are
affected by time. It was proven that the time for the activities drilling and charging
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differs between the two studied rock excavation classes and thereby affects the pro-
duction efficiency the most. Thus, Rock Excavation Class 1 has a higher total cost
due to the longer time the method requires for drilling and charging.

On the contrary, it was proven that Rock Excavation Class 1 are the most sus-
tainable method regarding CO2 emissions due to less transports and lower usage
of shotcrete. However, as evident, sustainability is complex and all aspects need to
be taken into consideration, not only the CO2 emissions. Hence, Rock Excavation
Class 1 has a negative influence on social sustainability due to the health & safety
aspects with the required heavy manual works and contamination of nitro-glycerine,
from the Gurit explosives. In addition, Rock Excavation Class 1 is less production
efficient, leading to longer production time, which in the long run affects the whole
city of Gothenburg. Accordingly, one can conclude that Rock Excavation Class 1
may not necessarily be more sustainable than Rock Excavation Class 3, due to the
complexity of sustainability.

What are the risks with regard to cost and sustainability for the two rock excavation
classes when performing rock excavation in contract Korsvägen?

It is evident, that unexpected geological conditions are the biggest risk due to the
uncertainties it entails regarding the tunnelling process. However, in the cost cal-
culation, it was evident that the geological conditions do not govern the outcome.
This since the cost for resources, independent on the amount of overbreak, stands
for the biggest part of the total cost due to the tunnelling process being sensitive to
disturbances. Nevertheless, even if it is not visible in the cost calculation, one can un-
derstand that uncertain geological conditions are the underlying cause of other risks,
that consequently may disturb the sensitive tunnelling process. Furthermore, when
comparing the risks of the two rock excavation classes, it was evident that Rock
Excavation Class 1 generates bigger risks since the method disturbs the sensitive
tunnelling process more than Class 3. This may lead to large cost and time overruns
which also may affect the sustainability in the social and economic perspectives.
Even if Rock Excavation Class 3 generates larger CO2 emissions, the production
efficiency is, as proven before, a crucial aspect. On the contrary, it is evident that
choosing Rock Excavation Class 3 increase the risks in jeopardising the final quality
of the tunnel profile, which may lead to hidden costs and affect the sustainability
due to increased material usage. To conclude, there exists many risks when perform-
ing tunnelling that can lead to big consequences and it is evident that both rock
excavation classes have their advantages and disadvantages. Hence, the contractor
needs to be aware of all risks when choosing between the two rock excavation classes.

8.2 Recommendations
This recommendation is based on the perspective of performing rock excavation for
a tunnelling project, in acceptable rock quality, in Swedish dense urban areas. When
analysing the possibility for the contractor to finance Rock Excavation Class 1 by
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themselves, it is important to emphasise the increase of risks regarding additional
costs using Rock Excavation Class 1. This since Class 1 jeopardises the tunnelling
process. This may cause big consequences, such as cost and time overruns, and even-
tually affect the inhabitants of Gothenburg. However, a recommendation is to apply
Rock Excavation Class 1 where it is crucial to minimise damage zones due to sensi-
tive subsequent works. Another recommendation would be to increase the incentive
for the contractor minimise the amount of overbreak with an climate reward. How-
ever, if that is the case, it is important for the reward to cover the extra cost that
a longer production time with more optimised drilling and blasting generate for the
contractor.

Nevertheless, based on the purpose of this thesis our recommendation is to compre-
hensively consider the risks that affects the production efficiency of the tunnelling
process, when choosing between the two rock excavation classes. As evident, Rock
Excavation Class 3 is more cost and time efficient. Therefore, our recommendation
is to perform Rock Excavation Class 3, when it is possible. This to optimise the
production efficiency of the tunnelling process and thereby decrees the risk for time
overruns. Although, it is still of high importance to consider the incentives and how
sensitive the subsequent work will be.

8.3 Future Research
The phenomenon of overbreak and its relationship to the choice of rock excavation
class has been proven to be a complex subject that should be even more investigated
in practice. This to find more solutions for tunnelling projects to become produc-
tion efficient. Through out this study, several areas were identified that could be
interesting for further research. This thesis only provides results of the outcome in
overbreak, for Q-values in the range of acceptable rock quality. Hence, it would be
beneficial to study how other rock qualities affect the outcome in overbreak and how
the distribution variate between Rock Excavation Class 1 and 3. Thus, this could be
done by investigating information from other tunnels within the project. Further-
more, an interesting future study could be to do an assessment with other similar
projects located in dense urban areas. This to analyse the effects in distribution of
overbreak and the connection to the rock excavation classes.

Another interesting future research would be to comprehensively analyse the drilling
plans and thus the drilling angles relationship to the outcome in overbreak. More-
over, different grouting- and reinforcement- classes could also be investigated to
analyse their effects on cost, time, sustainability, and on overbreak. Other possible
future research would be to analyse if it is possible to optimise the mucking of rock
masses, to lower the number of transports. Additionally, as seen in this thesis, time
restrictions are challenging due to the complexity of construction in dense urban ar-
eas. Hence, it would be interesting to analyse the efficiency of the tunnelling process
more thoroughly with extensive time analyses, for example by clocking the activi-
ties. Thus, it may be possible to find other activities in the tunnelling process that
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could be optimised to result in a more efficient the tunnelling process.
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Inledande frågor:

• Är det okej att spela in intervjun?
• Vill du vara anonym?
• Vad är ditt namn?
• Vad har du för idigare erfarenhet av tunnelprojekt/projekt i berg?
• Vad är din roll i projektet?
• Hur länge har du varit i projektet?

Information om hur intervjun kommer att gå till väga:
Första delen av intervjun består av en tabell där vi vill att du ska ranka de tre
största riskerna för oväntade kostnader i tunneldrivningen. Därefter kommer två
efterföljande frågor där vi vill att du ska punkta upp fördelar och nackdelar för de
olika bergschaktningsklasserna 1 och 3. Efter detta moment kommer vi följa upp
med frågor baserade på dina svar.

Andra delen av intervjun består av mer klassiska intervjufrågor på temana: kost-
nader, tid och risker samt klimatpåverkan.

DEL 1:

1. Vilka är de tre största riskerna för oväntade kostnader i tunneldrivningen?
Ranka de tre du anser är viktigast av riskerna nedan:

Table A.1

Risken för... Ranka mellan: 1 (minst) - 3 (störst)
...sämre geologiska förutsättningar
än förväntat
...att inte uppnå beställarens krav
på önskvärd tunnelprofil
...behov av extra förstärkningsåtgärder
...stor andel överberg
...odetonerat sprängmedel
...maskinhaveri

Punkta upp i tabellerna nedanför vad du anser gällande de olika bergschak-
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tningsklasserna 1 och 3:
2. Vad anser du att bergschaktningsklassen har för påverkan på tunneldrivnin-

gens kostnad?

Table A.2

Bergschaktningsklass: Fördelar/Nackdelar:
Bergsschaktningsklass 1 Fördelar:

Nackdelar:

Bergschaktningsklass 3 Fördelar:

Nackdelar:

3. Vad anser du att bergschaktningsklassen har för påverkan gällande framdrivningen
av tunneln?

Table A.3

Bergschaktningsklass: Fördelar/Nackdelar:
Bergschaktningsklass 1 Fördelar:

Nackdelar:

Bergschaktningsklass 3 Fördelar:

Nackdelar:

Efterföljande frågor:

4. Du satte [...] som största risken vid tunneldrivning, kan du utveckla varför du
anser att det är den största riskfaktorn?

• Hur påverkar den risken tunneldrivningen?

5. Finns det andra risker som du anser är viktiga att ta i beaktning vid tun-
neldrivning?
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• Finns det några risker gällande hälsa säkerhet?
• Hur är de riskerna kopplade till bergschaktningsklasserna?

6. Vilka aktiviteter i tunnelcykeln tycker du påverkar den totala kostnaden mest?
• Varför påverkar dessa aktiviteter kostnaden?
• Har bergschaktningsklassen någon påverkan på dessa aktiviteter?
• Vad finns det för osäkerhetsfaktorer gällande dessa aktiviteter?

7. Vilka aktiviteter i tunnelcykeln tycker du påverkar framdrivningen av tunneln
mest?

• Varför påverkar dessa aktiviteter framdrivningen?
• Har bergschaktningsklassen någon påverkan på dessa aktiviteter?
• Vad finns det för osäkerhetsfaktorer gällande dessa aktiviteter?

8. Hur räknar man på kostnader kopplat till osäkerhetsfaktorer?
• Vilka aktiviteter är mest osäkra i tunnelcykeln?
• Vad baseras uträkningen för osäkerhetsfaktorer på?
• På vilket sätt räknas detta med i kostnadskalkylen?

9. Vilka aktiviteter är mest osäkra eller känsliga i tunnelcykeln?
• Vilka är de störningar som kan generera extra kostnader i tunnelcykeln?

DEL 2:

TEMA: KOSTNAD, TID & RISKER

10. Anser du att det finns det något sätt att minska kostnaderna i tunnelcykeln?
• På vilket sätt kan man göra det?
• På vilket sätt kan det bidra till minskade kostnader?

11. Hur ser ni som entreprenör på risktagandet när man går in i ett bergtunnel-
projekt?

• Finns det några risker med olika ersättningsformer?

12. Finns det risker med att ha målet att minska mängden överberg?
• Om ja, Varför är det en risk?
• Hur skulle den gå att förebygga?

13. Påverkar precisionen av tunnelkonturen kostnaden?
• På vilket sätt?
• Går det att förebygga?

14. Går det att bestämma i förväg, korrelationen mellan överberg och intrång?
• Om ja, Kan man göra det på ett mer effektivt sätt?
• Om ja, hur kan man utföra det?
• Om ja, hur följs denna korrelation upp för fortsatt framdrift av tunneln?
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• Om nej, skulle man kunna göra det på något sätt?

15. Går det att kontrollera mängden utschaktat berg vid bergschaktning?
• Hur kan man kontrollera det?
• Går det i förväg att bestämma korrelationen mellan överberg och intrång?
• Faller det ut mer överberg beroende på vilken bergschaktningsklass man

använder, trots att det är bra bergkvalité?

16. Hur ofta hanterar ni stora mängder överberg?
• Hur påverkar överberg tunnelcykeln i form av tid kapacitet?

17. Vad är dimensionerna på lastbilarna?
• Hur mycket schaktat berg kan de lasta?

18. Hur ofta hanterar ni intrång?
• Hur påverkar intrång tunnelcykeln i form av tid kapacitet?

19. Hur påverkar stora mängder överberg användningen av sprutbetong?
• Hur påverkar det förstärkningen?

*Visar en översiktskarta av tunnlarna i etapp korsvägen*

20. Vart på kartan används bergschaktningsklass 1 respektive 3?

21. Vilken del av tunnlarna på kartan anser du att de största riskerna för fram-
drivningen av tunneln befinner sig?

• Vad är detta för risker?
• Varför finns dessa risker?

22. Är det någonstans på kartan som det är störst risk för överberg eller för in-
trång?

TEMA: KLIMAT

23. Vilka aspekter i tunnelcykeln anser du har störst klimatpåverkan?

24. Hur mycket tänker ni på NCC på åtgärder gällande klimatpåverkan i tun-
neldrivningsprocessen?

• Vad tror du är bakomliggande faktorer för detta?

25. Vad händer med bergmaterialet som ni spränger ut?
• Hur långt färdas materialet efter sprängning?
• Återanvänds något av materialet ni spränger ut?

26. Har klimatpåverkan någon betydelse för val av bergschaktningsklass?
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• Varför? / Varför inte?

27. Skulle man som beställare kunna beställa till Bergschaktningsklass med hän-
syn till klimatet?

28. Hur skulle man som beställare kunna ställa högre krav på entreprenören gäl-
lande lägre klimatpåverkan i tunneldrivning?

ÖVRIGT

29. Vilken bergschaktningsklass föredrar du och varför?

30. Har vi missat att ställa någon fråga som du hade ställt till dig själv i vår sits?
Eller vill du lägga till något?

31. Har du något du vill fråga oss?

Tack för din medverkan! Vi kommer att skicka vår rapport till dig så du
kan godkänna hur vi använt dina svar i rapporten.
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